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Preface  to  the  Third  Edition 


The  dynamic  nature  of  physiological  study,  though  burdensome 
to  those  who  must  revise  its  textbooks,  is  one  of  its  chief  fascina¬ 
tions.  The  subject  is  never  static  but  forever  changing,  always 
flowing  and  restless  with  fresh  discoveries  and  new  conceptions 
which  sweep  away  without  regret  many  old  ideas  and  theories. 
The  rapid  advances  made  by  physiology  and  the  contributory 
sciences  since  the  last  revision  of  this  book  have  made  necessary 
many  changes  and  additions.  Two  new  Chapters  (i  and  5) 
have  been  written.  Chapter  i  has  been  devoted  to  “  Elementary 
Physical  and  Chemical  Principles,”  and  should  be  a  help  to 
those  readers  who  have  had  no  instruction  in  the  basic  sciences; 
the  use  of  radioactive  isotopes  in  physiological  research,  and  in 
the  treatment  of  disease,  has  been  lightly  touched  on.  In  Chap¬ 
ter  5,  entitled  “  The  Defensive  Mechanisms  of  the  Body  against 
Disease  and  Injury,”  the  processes  of  immunity  and  related 
questions,  the  use  of  the  “  sulfa  ”  drugs  and  antibiotics,  as  well 
as  the  problems  of  shock,  anaphylaxis,  and  allergy,  have  been 
outlined.  Chapter  14,  dealing  with  “The  Physiology  of  Re- 
.production,”  has  been  enlarged  in  scope  by  the  addition  of  sev¬ 
eral  new  sections  and  the  expansion  of  some  of  the  old  ones. 
All  this  new  material  together  with  that  required  to  bring  the 
text  up  to  date  has  led  inevitably  to  an  increase  in  the  size  of  the 
book.  But  the  increased  size  is  due  also,  and  in  large  measure, 
to  new  illustrations,  the  total  number  of  figures  having  been 
raised  from  283  in  the  last  edition  to  400  in  the  present  one. 

In  writing  upon  a  subject  such  as  that  of  mammalian  physiol¬ 
ogy,  which  is  so  largely  a  study  of  interactions  and  integrations 
of  processes  and  systems,  it  is  not  always  possible  to  avoid  some 
anticipation  of  the  reader’s  knowledge.  An  endeavor  has  been 
made  to  offset  this  tendency  by  providing  many  cross-references 
in  the  text.  But  this  provision  may  sometimes  be  found  inade¬ 
quate,  and  readers  are  advised  to  make  free  use  of  the  index 
which  is  rather  comprehensive. 
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Much  of  the  rewriting  in  this  edition  has  been  undertaken  to 
meet  the  suggestions  and  kindly  criticisms  of  many  colleagues, 
to  whom  sincere  thanks  are  extended.  More  than  a  few  of  the 
changes  which  are  believed  to  have  improved  the  book  are  due 
to  suggestions  made  by  Professor  J.  B.  Stier  of  the  University  of 
Indiana.  His  interest  and  care  in  reading  the  second  edition 
from  cover  to  cover,  and  his  comments  from  the  view  of  an 
American  teacher  are  gratefully  acknowledged. 

Recognition  of  the  painstaking  care  with  which  Mrs.  Doro¬ 
thy  Spicer  has  given  her  secretarial  assistance  in  preparing  the 
manuscript  for  the  press  is  also  warmly  expressed. 
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ELEMENTARY  PHYSICAL 
AND  CHEMICAL  PRINCIPLES' 
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The  elemeats.  Substances  such  as  pure  iron,  copper,  gold, 
silver,  sodium,  potassium,  chlorine,  iodine,  oxygen,  hydrogen, 
and  a  great  number  of  others  which  are  composed  entirely  of 
but  one  type  of  atom  are  called  elements.  A  list  of  the  more 
common  elements  is  given  in  Table  i.  Those  composing  the 
animal  body  are  shown  in  percentages  in  Figure  i-i. 

The  conception  of  an  indivisible  particle  of  matter  —  the 
atom  (literally  that  which  cannot  be  cut  or  divided) — goes 
back  to  ancient  Grecian  times  (Democritus,  600  b.c.),  but  its 
modern  history  starts  with  John  Dalton  (1766-1844),  an  Eng¬ 
lish  chemist. 

Nevertheless,  the  atom  is  not,  as  was  believed  for  so  long,  the 
ultimate  particle  of  matter;  it  is  composed  of  still  more  mi¬ 
nute  particles  arranged  within  it  according  to  a  definite  pat¬ 
tern.  The  simplest  and  lightest  —  the  hydrogen  atom  —  resem¬ 
bles  a  miniature  solar  system.  It  consists  of  a  core  or  nucleus 
with  a  much  smaller  and  lighter  particle  revolving  around  it 
(Fig.  1-2).  All  atoms  of  whatever  kind,  whether  of  oxygen, 
chlorine,  iron,  gold,  silver,  or  any  other  clement  are  constructed 

^  Thifi  chapter  has  been  written  for  those  reatlcis  who  have  had  no  instruction  in 
chemistry  or  physics.  It  may  be  omitted  by  others.  It  is  t>Ifcrcd  merely  as  an  intro¬ 
duction  to  aatl  an  aid  in  the  understanding  of  .'mb.set.]ueni  chapters.  Several  chemical 
and  physical  })rincif)le,s  such  as  hydrogeti  ion  conceatrati«>n  (p.  114),  osmosis  (p. 
(>4),  kinetic  theory  and  diflu.sion  (pp.  265  and  266),  the  composition  of  the  prin¬ 
cipal  fotKlstufls  (C'hapters  8  and  o)>  and  the  actions  of  enzymes  (p.  317)*  are  de¬ 
scribed  niore  approj)riaicly  in  cliapter.s  dealing  with  subjects  to  which  such  principles 
are  most  directly  applicable. 
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TABLE  I 


Common  name 
of  Element 

Greeks  or 
Latin  name 

Symbol 

Atomic 
ti/ eight 

Atomic 

number 

Aluminium 

Aluminium 

A1 

26.97 

*■3 

Antimony 

Stibium 

Sb 

121.76 

Arsenic 

Arsenicum 

As 

74-93 

33 

Barium 

Barium 

Ba 

137.36 

5” 

Boron 

Boron 

B 

10.H2 

5 

Bromine 

Bromum 

Br 

■  79-92 

35 

Cadmium 

Cadmium 

Cd 

112.41 

48 

Calcium 

Calcium 

Ca 

40.07 

20 

Carbon 

Carbon 

C 

12.00 

6 

Chlorine 

Chlorum 

Cl 

35-4f> 

17 

Cobalt 

Cobaltum 

Co 

5*^-94 

27 

Copper 

Cuprum 

Cu 

63-57 

2C) 

Fluorine 

Fluorum 

F 

19.00 

9 

Gold 

Aurum 

Au 

197.2 

79 

Helium 

Helium 

He 

4,00 

2 

Hydrogen 

Hydrogenium 

H 

1.00 

I 

Iodine 

lodum 

I 

126.9*^ 

53 

Iron 

Ferrum 

Fe 

55.84 

26 

Lead 

Plumbum 

Pb 

207.22 

82 

Lithium 

Lithium 

Li 

6.94 

3 

Magnesium 

Magnesium 

Mg 

24.32 

12 

Manganese 

Manganesium 

Mn 

54-93 

25 

Mercury 

Hydrargyrum 

Hg 

200.61 

80 

Neon 

Neon 

Ne 

20.18 

10 

Nickel 

Niccolum 

Ni 

58.69 

28 

Nitrogen 

Nitrogenum 

N 

14.00 

7 

Oxygen 

Oxygenium 

0 

16.00 

8 

Phosphorus 

Phosphoricum 

P 

31,02 

,15 

Platinum 

Platinum 

Pt 

195*23 

78 

Plutonium 

Plutonium 

Pu 

239.00 

94 

Potassium 

Kalium 

K 

39.10 

19 

Radium 

Radium 

Ra 

225,97 

88 

Silicon 

Silicon 

Si 

28,06 

14 

Silver 

Argentum 

Ag 

107,88 

47 

Sodium 

Natrium 

Na 

22.99 

n 

Strontium 

Strontium 

Sr 

87.63 

38 
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Common  name 

Latin  name 

Atomic 

Atomic 

of  Element 

Gree\  or 

Symbol 

weight 

number 

Sulfur 

Sulfur 

S 

32.06 

.16 

Till 

Stannum 

Sn 

118.70 

50 

Uranium 

Uraniim 

U 

238.14 

92 

Zinc 

Zincum 

Zn 

65-38 

upon  an  essentially  similar  pattern ;  but  the  particles  in  the  cen¬ 
tral  core  as  well  as  the  lighter  revolving  particles  vary  in  num¬ 
ber  with  the  different  kinds  of  atom.  The  central  core  or 
nucleus  of  the  atom  contains-  one  or  more  particles  called  pro¬ 
tons.  Each  proton  holds  a  positive  charge  of  electricity,  and, 
except  in  the  case  of  the  hydrogen  atom,  is  paired  with  an  elec¬ 
trically  neutral  particle  called  a  neutron.  The  hydrogen  atom 
consists  of  a  single  proton,  unpaired  with  a  neutron.  The  par¬ 
ticles  revolving  in  one  or  more  orbits  around  the  nucleus  of 
the  atom  are  electrically  negative  and  are  called  electrons.  The 
chemical  properties  of  the  atom  are  dependent  upon  the  elec¬ 
trons  in  the  outer  orbit.  The  number  of  protons,  which  as  just 
mentioned  varies  with  the  kind  of  atom,  is  balanced  by  an  equal 


NITROGEN  3.3 
CALCIUM  1.5 
PHOSPHORUS  1.0 
POTASSIUM  0.35 
SULFUR  0.25 
CHLORINE  0.2 
SODIUM  0.15 
MAGNESIUM  .05 
IRON,  IODINE,  ZINC, 
FLUORINE  AND  OTHER 
ELEMENTS  IN  TRACES 


Pig.  i-i  Diagram  to  show  the  percentages  of  the  elements  compo.sing 

the  body. 


c 


Fig.  1-2  Showing  the  structure  of  the  atom.  A, 
hydrogen  atom;  B,  helium  atom;  C,  carbon  atom. 

number  of  electrons..  Positive  and  negative  cliargcs  being 

equal,  the  atom  as  a  whole,  so  long  as  it  loses  none  oi  its 
charges,  is  electrically  neutral.  The  number  of  protons  (or 
electrons)  possessed  by  an  atom  is  called  the  atomic  number. 
The  atomic  numbers  are  from  i  for  hydrogen  to  94  for  plu¬ 
tonium.  The  atomic  numbers  for  the  other  elements  run  in 
unbroken  sequence  between  these  two  extremes. 

Atomic  weights.  The  atomic  weight  of  an  element  is  tlic 
weight  of  one  of  its  atoms  in  relation  to  the  weight  of  the  Iry- 
drogen  atom  taken  as  i.  It  is  the  weight  of  the  smallest  cpian- 
tity  of  an  element  present  in  the  molecule  of  a  pure  substance. 
It  will  be  seen  from  Table  i  that  the  weights  of  the  dilfcrcnl 
kinds  of  atom  vary  widely,  radium  (225.97),  tiranium  (238.14), 
and  plutonium  (239.00)  being  the  heaviest  listed  in  the  table. 

Isotopes.  Until  recent  years  it  was  universally  believed  that 
elements  were  atomically  homogeneous  —  that  its  atoms  were 
all  precisely  of  the  same  weight.  Since  it  has  become  possible 
to  weigh  the  individual  atoms,  it  has  been  found  that  most  of 
the  elements  are  composed  of  atoms  of  different  weights.  For 
example,  chlorine,  which  when  its  atoms  are  taken  in  the  ag¬ 
gregate  has  an  atomic  weight  of  35.45,  is  constituted  of  atoms 
with  weights  of  35  and  37,  there  being  none  having  a  weight 
of  35.45.  Atoms  of  the  same  element  but  of  different  atomic 
weights  are  called  isotopes. 
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The  disparity  of  the  atomic  weights  of  isotopes  is  due  to 
their  having  different  numbers  of  neutrons.  Since  neutrons  do 
not  carry  an  electric  charge,  the  nuclear  charges  of  i.sotopes  are 
tlie  same,  or,  in  other  words,  their  atomic  numbers  are  iden¬ 
tical.  As  a  means  of  designating  the  different  isotopes  of  a 
given  element,  the  atomic  weight  is  given  in  small  figures 
above  and  to  the  right  of  the  symbol  for  the  element.  Thus, 
the  Lsotopes  of  chlorine  are,  Cr’"  and  Cl''  (Fig.  1-3).  There 


Fig.  r-3  The  isotopes  of  chlorine.  Tltc  figures  re¬ 
fer  t(»  the  niinilfcrs  of  protons  and  neutrons  in  tlie 
nucleus  and  to  the  electrons  in  ilie  tliree  orbits. 


arc  three  isotopes  of  magnesium  (Mg",  Mg”',  and  Mg“"),  and 
three  each  of  oxygen  (0"‘,  O'g  and  O'"),  and  of  hydrogen 
(H‘,  H",  and  H").  Calcium  lias  four  isotopes  (Ca"’,  Ca"',  Ca'", 
and  Ca"),  and  zinc  five  (Zn"‘,  Zn"",  Zn",  ZiT",  and  ZiT"). 
The  proportions  of  the  different  isotopes  in  an  element  arc  not 
necessarily  equal.  In  chlorine,  for  example,  there  is  a  greater 
proportion  of  the  lighter  isotopes  (CF'')  than  of  the  heavier 
ones  (Cl""),  which  accounts  for  the  atomic  weight  of  35.45. 
The  [Proportion  of  each  type  of  isotope  in  chlorine,  however,  as 
in  other  elements,  remains  fixed. 

Radioactive  isotopes.  Many  i.sotopes  are  radioactive  like  ra¬ 
dium  and  uranium.  That  is  to  say,  llicir  miclei  are  unstable 
and  particles  arc  shot  out  at  very  high  velocities  (20,000  to 
100,000  miles  per  second),  d’he  particles  (see  Fig.  1-4),  usu¬ 
ally  referred  to  as  “  rays,”  consist  of  a  group  of  two  protons 
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^0  neuron,  held  .oge^-a  « 

;2;;;iLinoC::;2r:;g.a„da.K..„dca 

cS^  are  now  produced  aruficially  l.y 

boSLg  atonrs  wirh  prorons  and  i;™''-  ™ 

aoDaratus  called  a  cyclotron,  developed  by  Di-  Lai^icuc  < 
Sornia.  The  high  speed  projectiles  pet.ctrate  . he  nudn  .J 
some  of  the  bombarded  atoms;  a  nuclear  reaction  lo lions,  .u  < 
risotope  of  the  bombarded  element,  or  t.f  a  newly  creatcl 

/as  Fie  1-4  An  alpha  particle;  it  will  be  iioiwl  that  it 
^  if  of  the  same  constitution  as  the  hclmm  nucleus. 

element,  is  produced.  The  production  in  this  way  of  radm- 
active  isotopes  has  been  a  great  boon  to  those  carryntg  out  u- 
searches  into  biochemical  and  physiological  problcni.s.  1  Itt 
radioactive  isotope  can  be  incorporated  into  a  compomul  w  lo.st 
history  in  the  body  it  is  desired  to  follow.  When  Mich  a  coin- 
pound  is  fed  to  an  animal,  it  behaves  chemically  in  the  body 
is  would  the  naturally  occurring  nonradioactive  substance,  hut 
on  account  of  its  radioactivity  it  is  “  tagged  ”  as  it  were,  and 
can  be  detected  in  the  body  tissues  or  excreta  by  means  ol  a 
Geiger  counter,  an  instrument  sensitive  to  the  rays  which  the 
incorporated  isotope  emits. 

Radium  has  long  been  used  in  the  treatment  or  cancci  aiul 

other  malignant  growths,  the  emitted  rays  having  a  destruc¬ 
tive  action  upon  the  cancer  cells,  but  they  also  destroy  normal 
tissue  and  for  this  reason  their  action  must  be  strictly  localiw-d 
to  the  diseased  structure.  Artificially  produced  radioactive 
isotopes  are  now  employed  for  their  therapeutic  effects,  and 
more  especially  those  which  have  a  selective  action  upon  cer¬ 
tain  tissues,  since  they  can  be  injected  into  the  general  circula¬ 
tion.  The  thyroid  gland,  for  example,  has  a  great  affinity  for 
iodine,  and  a  radioactive  isotope  (1“®,  1“°,  or  of  this  ele¬ 
ment  concentrates  its  action  upon  thyroid  tissue;  it  is,  there¬ 
fore,  used  in  the  treatment  of  certain  types  of  goiter  (Ch.  lo). 
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Radioactive  phosphorus  is  attracted  to  and  exerts  its  effect 
upon  osseous  tissue  and  is  of  value  in  the  treatment  of  some 
types  of  bone  disease. 

Chemical  symbols.  The  chemist  employs  a  kind  of  short¬ 
hand  language  for  the  expression  of  the  elemental  composition 
of  chemical  substances  and  to  indicate  the  character  of  chemi¬ 
cal  reactions.  In  this  chemical  language  the  elements  are  de.s- 
ignated  by  the  first  letter  of  their  Latin  names,  or,  when  the 
initial  letter  of  the  names  of  more  than  one  element  is  the  same,! 
a  second  letter  of  the  name  is  added.  Thus  F  is  the  symbol 
for  fluorine,  but  since  there  are  a  number  of  elements  com¬ 
mencing  with  the  letter  C,  the  latter  is  used  alone  as  the  sym¬ 
bol  for  carbon,  and  copper  (L.  cuprum),  calcium,  chlorine, 
and  cobalt  are  designated  Cu,  Ca,  Cl,  and  Co,  respectively. 
Similarly,  while  H  is  the  symbol  for  hydrogen,  mercury  (Hy¬ 
drargyrum)  is  represented  by  Hg,  and  helium  by  He  (see 
Table  i). 

A  chemical  formula  indicates  the  atomic  constitution  of  the 
molecules  of  a  substance,  the  symbols  of  the  elements  being 
written  in  a  certain  conventional  order  {empirical  or  molecu¬ 
lar  formula)  or  according  to  a  specific  pattern  which  shows  the 
spatial  relationships  of  the  atoms  to  one  another  in  the  mole¬ 
cule.  The  latter  is  called  a  graphic  or  structural  formula. 

An  empirical  formula  indicates  merely  the  number  of  the 
different  kinds  of  atoms  in  the  molecule.  When  there  are 
more  than  one  of  the  same  kind  of  atom,  a  small  figure  is 
written  below  the  symbol.  Thus,  sodium  chloride  is  written 
NaCl,  but  water,  which  is  formed  by  the  union  of  two  atoms 
of  hydrogen  and  one  of  oxygen,  is  written  HiiO.  The  two 
types  of  formula  for  the  amino-acid  glycine  are  shown  below: 

C  H  NO  CH;~NH, 

Empirical  formula  Graphic  formula 

If  we  compare  the  symbols  of  the  elements  to  the  alphabet 
of  ordinary  language  then  chemical  formulas  may  be  likened 
to  words.  Formulas  written  with  appropriate  signs  (-f-,  — , 
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_  -  )  arc  known  as  equations;  by  their  means  informaiion  is 
X’en  mth  respect  to  the  nature  of  the  reaet.ons  taking  place 
Lween  the  molecules  of  chemical  substances  when  btough. 
together.  Thus,  the  formation  of  carbon  tlioxule  by  the  action 
of  hydrochloric  acid  on  limestone  (calcium  carbonate)  is  ex- 
pressed  in  the  following  equation. 


CaCOs  +  2HCI 

Calcium  Hydrochloric 


CO2  +  CaChi  +  H2O 

■  Carbon  Calcium  Water 


A  molecule  of  calcium  carbonate  reacts  with  2  molecules  of 
hydrochloric  acid  to  produce  a  molecule  each  of  carbon  ihox- 
ide  calcium  chloride  and  water.  It  will  be  noted  that  the  two 
sides  of  the  equation  balance -that  is,  the  number  of  calciutii, 
carbon,  hydrogen,  chlorine,  and  oxygen  atoms  on  the  two  sides 
are  equal 

Chemical  reactions  — -  Molecules*  Certain  atoms  have  at- 

traction  or  afiEnity  for  other  kinds  of  atom,  the  two  kinds 
uniting  to  form  substances  called  compounds,  which  have  prop¬ 
erties  quite  different  from  those  of  the  original  separate  atoms. 
Common  table  salt,  for  example,  which  is  known  chemically 
as  sodium  chloride  and  has  the  formula  NaCl  is  formed  by 
the  union  of  one  atom  of  sodium  (Na)  with  one  atom  of  chlo¬ 
rine  (Cl).  Sodium  is  a  caustic  solid  element,  highly  destruc¬ 
tive  to  animal  and  vegetable  tissues;  chlorine  is  a  grccnisli, 
intensely  irritating,  poisonous  gas,  yet  the  compound,  sodium 
chloride,  which  results  from  their  union,  is  a  mild  harmless 
substance  and,  indeed,  is  indispensable  for  the  well-being  of 
the  animal  body.  It  is  present  in  a  concentration  of  about  o.t) 
per  cent  in  the  body  fluids.  The  particles  of  a  compound  such 
as  sodium  chloride,  carbon  dioxide,  water,  etc.,  is  called  a 
molecule.  Any  pair  or  group  of  atoms  which  being  united 
form  a  unit  particle  of  a  conapound  is  so  termed.  The  mole¬ 
cules  of  the  compounds  just  mentioned  are  among  the  smallest 
and  simplest  known,  but  some  molecules,  such  as  those  com¬ 
posing  proteins,  are  relatively  enormous,  being  constituted  of 
hundreds  of  atoms  of  several  different  kinds.  The  molecular 
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weight  (which  is  arrived  at  by  adding  together  the  weights  of 
the  constituent  atoms)  of  these  large  particles  are  thousands  of 
times  greater  than  the  weight  of  a  water  molecule.  The  mo- 
letftilar  weight  of  water  (H2O),  for  example,  is  only  18  (hy¬ 
drogen  2  -f'  oxygen  16),  whereas  that  of  certain  proteins  is  in 
the  neighborhood  of  400,000  or  more.  The  hydrogen  molecule 
(H:;),  for  it  is  not  only  atoms  of  different  kinds  which  form 


Fig*  i:"5  .DiagrariiTi  showing  the  union  of  a  scKliuin 
atom  and  a  ciilorine  atom  to  form  a  molecule  of 
sexiium  chloride.  The  figures  indicate  the  number 
of  protons  and  neutrons  in  the  nuclei  aiul  of  the 
electrons  in  the  concentric  orbits. 

molecules,  is  the  smallest  and  lightest  of  all.  The  atoms  of 
nitrogen  (N2)  and  of  oxygen  (O2  and  Oii)  also  combine  into 
molecules. 

If  one  wished  to  show  graphically  the  great  differences  in 
size  between  the  smallest  and  the  largest  molecules,  one  might 
represent  a  water  molecule  by  a  dot,  then  one  of  the  largest 
protein  molecules  would  require  for  its  representation  a  sjiacc 
larger  than  this  page.  Molecules  also  vary  in  shape;  .some  pro¬ 
tein  molecules,  for  example,  sucli  as  serum  albumin,  are  globu¬ 
lar  in  form,  wliile  in  others  such  as  muscle  protein,  the  atoms 
are  extcntlcd  in  chains  to  form  long,  elongated  fibcr-like  mole¬ 
cules  (see  p.  394). 

As  implied  at  the  beginning  of  this  section,  it  is  only  some 
atoms  which  arc  capable  of  uniting  with  one  another  to  form 
compounds.  The  attraction  or  affinity  of  one  atom  for  an- 
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Other  depends  upon  the  instability  of  the  outer  orbit  of  elec¬ 
trons.  For  example,  the  number  of  electrons  in  tlic  outer  orbit 
of  the  sodium  atom  and  of  the  chlorine  atom  render  their  outer 
orbits  unstable.  The  former  has  an  electron  too  many,  the 
latter  one  too  few,  for  stabilization.  But  there  is  aKvay.s  a 
tendency  toward  the  stable  state.  This  is  achieved,  when  [xis- 
sible,  by  the  sodium  atom  losing  an  electron  and  the  chlorine 
atom  gaining  one.  So  then,  when  a  sodium  atom  and  a  cldo- 
rine  atom  are  brought  together,  an  electron  is  trtinsferred  from 
the  one  (Na)  to  the  other  (Cl).  When  sodium  chloride  un¬ 
dergoes  ionization  (see  p.  13)  the  sodium  atom  has  one  less 
electron  than  it  had  originally,  and  the  chlorine  atom  one  more. 
In  the  unionized  state  the  two  atoms  are  held  together,  as  it 
were,  by  the  electron  in  question  (Fig.  1-5). 

Equivalent  or  combining  weights.  When  the  elements  com¬ 
bine  to  form  compounds  they  do  so  in  certain  definite  atul  un¬ 
varying  proportions.  The  smallest  amount  in  gratns  in  which 
an  element  combines  with  i  gram  of  hydrogen  is  called  its 
equivalent  or  combining  weight.  An  element  also  replaces 
one  gram  of  hydrogen  in  a  compound  or  combines  with  an¬ 
other  element  to  form  a  compound  by  the  .same  amount  -- 
its  equivalent  weight  — or  some  simple  multiple  of  it.  The 
equivalent  weights  of  a  few  of  the  commoner  elements  are 
given  in  Table  2.  It  will  be  seen  by  comparing  Tables  i  and  2 
that  the  atomic  weight  of  an  element  is  either  equal  to  the 


Element 

Calcium  , . . 
Carbon  ... 
Chlorine  , , 
Magnesium 
Nitrogen  . 
Oxygen  . . 
Potassium 


table  2 

Eqiuvalent  or'cofnbining  (Pcights 
(number  of  grams  which  combine 
with  or  replace  i  gram^  of  hydrogen) 

.  20 

. .  3,' 

• . 35*46 

. . .  12 

. . 4*67 

. .  8, 

39.1 
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combining  weight  or  a  nuihi[)lc  of  it,  The  cijuivalcnt  wsaghf 
of  oxygen  is  (S,  its  atomic  weight  is  (8  X  a  )  lO;  that 
carbon  is  3,  its  atomic  wcigln  is  (j  \  4  )  la;  the  c'i|ui\a!enr 

weight  r)f  nitrogen  is  4.67,  its  atomic  weight  is  (4,^)7  '  ^  ) 

14,  but  the  e<|uiva!cnt  weights  o(  chlorine  and  pcaassium  are 
the  same  as  tlicir  atomic  weights,  naniclvg  4^*4^  arul  t’c- 
spectively. 

Oxidation  and  reduction  When  oxygen  unites  with  an¬ 
other  element,  the  compound  so  formed  is  ealhai  an  oxuir,  am! 
the  process  is  rcicrred  to  as  oxidation.  If  flu*  reverse  ml  ion 
takes  place ~ namely,  a  compound  loses  oxygen  -■  the  sul) 
stance  is  said  to  he  red  need  and  tlie  pnnc'ss  is  known  as  redtu- 
tion.  But  the  loss  i)i  hyalrogi'n  from  a  eompouiul  is  alsocalhal 
oxidation,  and  the  addition  of  hydrogen  to  a  c<nnpouml  is 
called  reduction. 

A  compound  of  an  clcmcuf  waih  hydrog(‘n  and  oxsg^m  is 
called  an  hydroxide.  Iron  rusts  when  ('xjiosed  to  moisUiK* 
and  air,  die  rust  lieing  an  hydroxide'  of  iron  (h'rric  hydroxide' K 
Many  metals  and  other  substance's  hirm  oxides  oi"  hvelroxuh's 
when  cx[)osed,  the  oxygen  lieing  elerivrd  from  the'  atmosphru’. 
The  carbon  in  substances  sucli  as  wool,  coal,  c'tc.,  undergoes 
oxidation  during  comliustion,  caihon  dioxide  ((X)-)  tn'inr; 
produccel  and  givc'ii  up  to  the  atmosphere',  Xhc*  e  arhou  of  our 
food  also  undergoes  oxidation  in  the  body,  the  carbon  dtoxulr 
so  formed  lieing  exhaled  in  the'  lire-ath.  But  many  substance's 
in  the  tissues  undergo  oxidation,  not  by  the  addition  of  oxy 
gen,  Imt  liy  the  loss  of  liydrogen  brought  about  tluough  ilu' 
action  of  specific  dehydrogenating  enzymes  (dehydiogenases). 

Besides  the  combination  of  atoms  with  tin*  formation  ot  i  tan 
pounds,  which  so  far  has  been  c'luc'flv  dc*al(  with,  tuo  ottu'i 
types  of  chemical  reaction  n*main  to  he  desei'iluah  nainXy,  the 
brcakelown  of  molecules  into  sinallci  gnaijis  of  atoms  01  imo 
individual  atoms  -  -  decomposition  and  tlu'  disruption  of  the 
molceulcxs  of  two  or  more  c'ompoiuuis,  followrel  by  tlu'  union 
of  the  liberated  atoms  or  groups  of  atoms  in  lu'w  cumbina 
tions;  this  reaction  is  known  as  double  deeomposiiioiK 

lie  chemical  reaction  known  as  double*  det'ornposifion  eaii 
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be  illustrated  by  changes  occurring  wlicn  H(ll  is  mixed  with 
a  solution  of  sodium  bicarbonate.  Upon  the  in.stan!  of  mixing 
the  two  liquids,  violent  effervescence  occurs,  for  the  hicarbou. 
ate  has  been  decomposed  and  carbon  dioxide  (a  gas)  is  given 
up  to  the  atmosphere.  The  hydrochloric  acid  also  splits  into 
its  constituent  atoms.  Atoms  of  sodium  unite  with  the  ehlo- 
rine  atoms  to  form  sodium  chloride,  carbon  atoms  witii  a  mole¬ 
cule  of  oxygen  to  form  carbon  dioxide,  and  hydrogen  mole¬ 
cules  with  oxygen  atoms  to  form  water,  thus: 

HCl  4-  NaHCOa  =  NaCl  +  CO.,  +  1 1.,0 

Hydrochloric  Sodium  Sodium  Carlson  Watrr 

acid  bicarbonate  chloride  dioxidt* 

The  indestructibli  nature  of  the  atom  it?  ordinary  reactions. 
Molecules  disintegrate  and  fresh  compounds  are  iormeil,  but 
the  atoms  in  the  ordinary  proce.sscs  of  Nature  are  iiu  lest  rue- 
tible.  Decay  and  disintegration  of  substances  is  oeeurring 
ceaselessly.  Organic;  matter,  animal  and  vegetable,  is  eontinu- 
ally  undergoing  decomposition,  its  elements  being  returned  to 
the  earth  and  there  reconstituted  into  new  compounds,  hven 
rocks  become  eroded,  and  metals  wear  away,  but  the  immor¬ 
tal  atoms  reappear  in  new  forms.  Though  materials  euin- 
posing  the  world  around  us  disappear  and  are  lost  to  our  senses, 
the  sum  total  of  matter  undergoes  no  reduction  in  weight. 
When  we  watch  a  blazing  log  being  consumed  until  nothing 
but  the  ash  remains  we  may  doubt  the  general  statement  tlutt 
matter  is  indestructible.  But  were  it  possible  to  collect  the 
smoke  and  escaped  gases,  and  add  them  to  the  ash  and  weigh 
the  whole,  the  total  weight  would  be  found  to  be  cqutil  to  tluit 
of  the  original  unburned  piece  of  wood.  Compounds  com¬ 
posing  the  wood  have  been  broken  up,  carbon  has  been  com- 
bined  with  oxygen  to  form  carbon  monoxide  (CO)  and  car¬ 
bon  dioxide  (CO2) ;  hydrogen  has  been  oxidized  to  water 
(H2O);  many  other  compounds  have  been  decomposed  and 
new  compounds  formed  by  the  recombination  of  atoms  mo¬ 
mentarily  freed.  Did  one  know  all  the  chemical  reactions 
which  had  taken  place,  a  balanced’  equation  could  be  writ¬ 
ten  (p.  8). 
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Nor  is  matter  created  in  the  sense  that  new  atoms  are 
formed.  The  growth  of  plants  or  of  animal  tissues  is  merely 
the  accumulation  of  pre-existing  atoms.  A  plant,  for  instance, 
acquires  water,  minerals  and  nitrogen  from  the  soil,  and  car¬ 
bon  from  the  carbon  dioxide  of  the  atmosphere;  from  these  it 
builds  its  structure  and  gains  in  weight.  The  animal  body 
takes  in  carbon,  hydrogen,  nitrogen,  oxygen  and  other  ele- 


f  6  niu.strating  cIcg 
trolysis.  When  an  electric 
current  i.s  passed  tiirougli 
a  solution  of  an  electrolyte 
(c.g.,  sodium  chloride) 
the  positively  charged  ions 
(cations)  move  to  the 
cathode  and  the  tiegative- 
ly  charged  ions  (anions) 
to  the  anode. 

ments  in  the  food  as  well  as  oxygen  from  the  atmosphere.  Just 
as  in  the  flaming  wood,  the  carbon  is  oxidized  to  carbon  diox¬ 
ide  and  the  hydrogen  to  water;  part  of  the  nitrogen  of  the 
food  in  combination  with  other  elements  (see  amino-acids, 
P-  39-^)  built  into  body  tissue,  and  the  remainder  excreted. 
The  carbon  dioxide  and  part  of  the  water  is  exhaled  in  the 
breath.  If  the  adult  body’s  intake  of  all  the  elemental  mate¬ 
rials  were  collected,  their  total  weight  would  be  found  to  bal¬ 
ance  the  weight  of  the  materials  excreted  in  urine,  feces,  skin 
(perspiration),  and  breath.  The  body’s  weight  would  be  found 
to  have  remained  unchanged. 

Ionization  or  dissociation.  Certain  compounds,  such  as  hy¬ 
drochloric  acid  (HCl),  nitric  acid  phosphoric  acid 

(H.tPOi),  sulfuric  aetd  (H^SO^),  carbonic  acid  (H-CO.i),  so¬ 
dium,  potassium,  calcium,  and  ammonium  hydroxides  (NaOH, 
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KOH,  CA2OH,  and  NHtOH,  respectively),  sodium  aiul  po¬ 
tassium  chlorides  (NaCI  and  KCl),  copper  sulfate  ((aiS()i), 
and  a  great  number  of  other  compounds  wdicn  in  aipieous  so¬ 
lution,  separate  into  their  constituent  atoms  or  groups  of  atoms. 
The  separated  atoms  are  electrically  diarged  :ind  arc  called 
ions  (Gk.  ion,  going,  traveling),  because  when  an  electric  cur¬ 
rent  is  passed  through  an  aqueous  solution  of  one  of  these  com¬ 
pounds  they  move  at  a  certain  definite  velocity  toward  one  or 
other  pole  of  the  battery  (Fig.  1-6).  This  property  of  mole¬ 
cules  to  break  up  into  electrically  charged  atoms  is  called  ion¬ 
ization  or  dissociation. 

Some  ions,  such  as  those  of  calcium,  hydrogen,  sodium, 
and  potassium,  carry  positive  charges  and  move  toward  the 
negative  pole  or  cathode,  and  are  therefore  called  cations. 
The  atoms  have  lost  an  electron  and  therefore  are  [)ositively 
charged.  Others,  such  as  chlorine  (chloride  ion),  having 
gained  an  electron,  are  negatively  charged;  they  move  toward 
the  positive  pole  or  anode  and  therefore  are  known  as  anions. 
The  anions  are  frequently  groups  of  atoms  and  are  given  syie- 
cific  names,  such  as  nitrate  (NO.-,),  phosphate  (Ilf'O,),  sul- 
fate  (SOi),  carbonate  (HCO,,),  or  hydroxyl  (HO)  ions.  The 
nature  of  the  charge  carried  by  the  atoms  is  imlicatcd  by  a 
plus  or  a  minus  sign  to  the  right  and  above  the  last  symbol  of 
the  formula.  Thus,  the  hydrogen  ion  is  written  H',  and  the 
chloride  and  nitrate  ions  Cl  and  HNO;,~  respectively.  If  an 
atom  carries  two  or  more  positive  or  negative  charges,  the  re¬ 
spective  sign  is  repeated;  the  calcium  ion  is  written  Ca'  and 
the  phosphate  ion  HPO4 - 

The  compounds  mentioned  above  ionize  to  the  greatest  c.k- 
tent  when  dissolved  in  water,  and  to  a  much  less  <lcgrce  in 
solvents  such  as  alcohol  or  acetone,  and  do  not  dissociate  at  all 
m  the  great  majority  of  solvents.  Water  itself  is  very  sliirhtlv 
dissociated  mto  H  and  OH  ions.  ^ 

^  lomzable  substances,  since  their  solutions  are  capable  of  con¬ 
ducting  an  electric  current,  are  called  electrolytes.  The  move¬ 
ment  of  the  two  kinds  of  ion  to  the  respective  poles  of  an 
electric  source  whose  termmals  are  immersed  in  a  solution  of 
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an  electrolyte  is  called  eleclrolysis.  Many  compounds,  such  as 
cane  sugar,  do  not  undergo  ionization,  and  are  therefore  calhxl 
fionelecltolytes.  A  list  of  electrolytes  and,  the  percentages  to 
which  tliey  undergo  ionization  in  aqueous  solution  is  given  in 
Table  3.  It  will  be  observed  that  the  percentages  vary  widely. 


TABLE  3 

Niime  of  Electrolyte 

Acetic  acid  . . . 

Carl)onic  acid  . . 

Hydrochloric  acic.l  . . . 

Hydrocyanic  acid  . 

Nitric  acid  . . . 

Sulfuric  acid  . . . . 

Potassium  hydroxide  . . 

Sodium  hydroxide  .  . . 

Sodium  chloride  . 


Percen  tage  / onized 

.......  ,1.3 

.  0.17 

.  92.00 

.  O.OI 

.....  92.00 

.  6noo 

.  91.00 

.  9,1.00 

.....  85.00 


A  few  of  the  commoner  electrolytes  and  the  ions  into  which 
they  separate  are  shown  in  the  following  equations: 


HCl 

H+ 

+ 

Cl- 

Hydrochloric 

Hydrogen 

Chloride  ion 

acid 

ion 

HNO3 

H+ 

q. 

NO3- 

Nitric  acid 

.Hydrogen  ion 

Nitrate  ion 

,H2S04 

H+  +  H+ 

+ 

_  sor 

Sulfuric  acid 

Elydrogen  ions 

Sulfate  ion 

H.,C03 

— > 

H+ 

'+• 

HCOa- 

Carbonic  acid 

Hydrogen  ion 

Car  1)0  a  ate  ion 

NaOH 

— > 

Na+ 

+ 

OH- 

Sodium 

Sodium  ion 

Hydroxyl  ion 

hydroxide 

NaCl 

Na+ 

,  Cl- 

Sodium  chloride 

Sodium  ion 

Chloride  ion 

CaS04 

Ca++ ' 

sor, . 

Calcium  sulfate 

Calcium' ion 

Sulfate  ion 
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Acids,  bases,  and  salts.  Anyone  even  without  a  knowledge 
of  chemistry  knows,  in  a  general  way,  the  nature  of  an  acid. 
A  typical  acid  is  sour  or  sharp  to  the  taste,  and  unless  very 
weak  gives  a  burning  sensation  to  the  skin  and,  if  strong,  is 
highly  destructive  to  animal  and  vegetable  tissues :  it  also  turns 
blue  litmus  paper  pink  or  red.  These  properties  are  due  to 
the  hydrogen  ion  (H'''),  (see  p.  114).  Every  acid  contains  in 
its  molecule  at  least  one  atom  of  hydrogen. 

Lye,  known  chemically  as  sodium  hydroxide  (NaOH),  and 
slaked  lime  (Ca(OH)2),  are  bases.  Typical  bases  have  a  soapy 
feel,  and  most  have  a  bitter  taste;  they  turn  red  litmus  paper 
blue.  In  strong  solution  they  also  have  a  destructive  action  on 
animal  and  vegetable  tissues.  These  properties  are  due  to  the 
hydroxyl  ion  (OH~).  Bases  react  with  acids  to  form  com¬ 
pounds  called  salts,  a  metal  or  other  element  of  the  base  re¬ 
placing  one  or  more  hydrogen  atom  of  the  acid.  Two  such 
reactions  are  shown  below. 

Ca(OH).2  +  2HCI  =  CaCh  +  H^O 

Calcium  Hydrochloric  Calcium  Water 
hydroxide  acid  chloride 

or 

NaOH  +  HCl  *  Naa+  H2O 

Sodium  Hydrochloric  Sodium  Water 

hydroxide  acid  chloride 

Strong  bases,  such  as  sodium,  potassium,  or  calcium  hydrox¬ 
ides,  are  also  known  as  alkalis  (Arabian,  al  -f  G?r.  potas¬ 
sium).  The  adjectives  corresponding  to  the  nouns,  acid,  base, 
and  alkali  are,  acidic,  basic,  and  alkaline. 

Solutions.  When  a  substance  such  as  sugar  or  salt  is  dropped 
in  water  it  melts  away  until  the  water  is  again  quite  clear. 
The  sugar  or  salt,  we  say,  has  been  dissolved,  and  the  water 
and  the  dissolved  substance  is  called  a  solution  of  sugar,  in  one 
instance,  or  of  salt,  in  the  other.  The  substance  which  goes 
into  solution  is  called  the  solute;  the  liquid,  whether  water 
alcohol,  ether,  oil,  etc.,  in  which  the  substance  is  dissolved  is 
called  solvent.  When  a  crystalloid  (sec  below)  is  dissolved 
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and  rhc  soIuti«)n  well  stirred,  the  solute  becomes  ilistributed 
uniformly  throughout  the  solvent,  the  molecules  being  evenly 
intermingled.  Once  a  suh.staitce  compo,sc<l  of  molecules  hav¬ 
ing  a  si/.e  of  the  ortler  cotnprisittg  sugtir  or  .salt  has  been  di.s- 
.solved,  it  is  not  possible  to  sc|i;irate  the  .solute  again  from  the 
.solvent  by  mechanical  mean.s,  as  by  filtering,  d'hc  molecules 
of  the  .solute  pa,s.s  as  readily  through  the  pores  of  the  filler  as 
do  those  of  the  .solvent. 

A  saturated  solution  is  one  which  at  a  given  temperature 
holds  the  maximum  quantity  of  the  solute  which  it  is  capable 
of  dissolving;  it  is  said  to  be  saturated  at  that  particular  tem- 
pertiturc.  If  the  solution,  at  a  given  temperature,  contains  less 
than  the  maximum  amount  of  solute  which  it  can  dissolve  at 
that  temperature,  it  is  said  to  be  unsaturated. 

Saturated  solutions  of  certain  substances  when  slowly  and 
carefully  ccwlcd  remain  clear.  The  .solution  is  then  supersatu¬ 
rated  at  the  lower  temperature.  But  solid  particles  of  the  solute 
separate  out  if  one  of  its  crystals  is  dropped  into  the  solution, 
or  often  if  the  solution  is  even  slightly  agitated.  The  sub¬ 
stance  continues  to  come  out  of  solution  until  saturation  at  the 
lower  temperature  is  reached. 

Most  substances  increase  in  solubility  with  heating,  but  some 
arc  rendered  more  soluble  by  lowering  the  temperature.  When 
the  former  class  of  substance  go  into  solution,  heat  is  absorbed 
—  that  is,  the  temperature  falls.  In  the  latter  group  heat  is 
given  out,  the  temperature  of  the  solution  being  higher  than 
that  of  either  the  original  solute  or  solvent. 

A  normal  (N)  solution  is  one  which  contains  an  equivalent 
(p.  10)  in  grams  of  solute  per  liter  of  solvent.  Thus,  a  nor¬ 
mal  salt  or  saline  solution  contains  59.45  grams  of  sodium 
chloride  (equivalent  of  sodium  24.00,  of  chlorine  35.45)  per 
liter,  or  about  6  per  cent.  A  physiological  saline  solution  con¬ 
tains  about  0.9  per  cent  of  sodium  chloride  or  about  the  con¬ 
centration  of  the  mineral  salts  of  human  blood  plasma.  A 
solution  containing  a  fraction  (■^,  31^,  j^)  of  the  amount 
of  the  solute  as  is  contained  in  a  normal  solution,  or  one  in 
which  twice  the  quantity  is  dissolved,  is  referred  to,  respcc- 
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lively,  as  half  normal,  one  tenth  normal  (or  deci normal),  one 
hundredth  normal,  twice  normal,  and  so  on,  and  is  abbreviated 
N/i,  N/io,  N/ioo,  or  2N. 

A  solution  containing  per  liter  an  amount  of  a  substtince  in 
grams  equal  to  its  molecular  weight  is  called  a  mo/ar  or  a  wo- 
lecular  solution.  Thus,  a  molar  solution  of  calcium  cliloride 
(CaCh)  contains  (40  +  71  =)  m  grams  per  liter.  Solutions 
containing  fractions  or  multiples  of  this  quantity  may  be  made 
up  giving  tenth  molar,  twice  molar,  etc.,  solutions. 

Suspensions  and  Emulsions.  Solid  substances  composed  of 
relatively  large  particles  of  a  diameter  of  o.i  micron  or  more 
will  remain  suspended  in  water  for  a  short  time  and  then  set¬ 
tle  to  the  bottom  of  the  container.  But  in  suspensions  of  which 
the  liquid  medium  is  heavier  and  of  a  more  viscous  nature, 
such  as  mucilage,  the  particles  settle  very  slowly,  remaining 
suspended  for  long  periods.  Blood  is  a  suspension  of  cells  in 
a  fluid  called  plasma  (p.  55)  which  is  some  five  times  more 
viscous  than  water.  The  cells  are  about  7  microns  in  their 
Ingest  diameters  and  remain  suspended  for  a  relatively  short 
time  after  the  blood  has  been  drawn  from  a  vessel  and  placet! 
in  a  test  tube.  The  size  of  the  particles  of  any  substance  as  well 
as  the  consistency  of  the  liquid  medium  is  a  factor  in  the  rate 
of  settling,  the  larger  particles  settling  more  rapidly  than  the 
smaller  ones.  Particles  of  a  size  less  than  o.i  micron  remain 
suspended  almost  indefinitely,  even  in  water  (see  suspensoids 
P-19)- 

Liquid  particles  or  globules  of  about  the  same  size  as  the 
solid  partKles  in  a  suspension,  when  dispersed  in  another  liq¬ 
uid,  constitute  an  emulsion.  The  two  liquids  do  not  lose  their 
chemical  individuality.  As  with  suspensions,  the  smaller  the 
particles  the  longer  will  they  remain  dispersed  in  the  medium. 
Eat^  oil  resms,  gums,  and  many  other  substances  of  both  ani¬ 
mal  and  vegetable  origin  form  emulsions  with  variable  size  of 
p^ucles.  Milk  IS  a  familiar  example  of  an  emulsion  of  fat 
globules  in  ^  aqueous  medium.  Emulsification  of  the  fatty 
substances  of  the  food  occurs  with  the  aid  of  the  bile  in  the 
small  intestine  (pr.  3^). 
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Crystalloids  and  Colloids.  Substances  witli  molecules  of  rela¬ 
tively  minute  size,  loss  than  i.o  mm"  hi  diameter,  such  as 
sodium  chloritlc,  sugar,  copper  sulfate,  and  the  majority  of 
chemical  com[K)uuds,  form  true  solutions,  as  described  on 
page  16.  1'hey  are  called  crysudloids.  Materials  composeil 
of  larger  molecules  —  from  o.i  m  to  i.o  mm  —  or  of  smaller 
molecules  clum[)ed  together  to  form  particles  of  such  a  size, 
arc  called  colloids  ((jJk.  /{ollac,  glue),  (due,  gelatin,  egg-white 
ami  other  proteins,  starch,  rubber,  various  enzymes  (p.  -Jiy), 
many  tlyes,  fine  carbon  particles  as  in  smoke,  or  India  ink,  and 
a  host  of  other  substances,  are  colloidal  in  nature.  The  animal 
body  —  blood  plasma  and  the  protoplasm  comprising  the  tissue 
cells  —  is  com[ioscd  largely  of  solutions  of  colloids.  Solutions 
of  colloiths,  also  called  hydrosols,  sols,  or  suspensoids,  are  fre¬ 
quently  cloudy,  turbid,  or  opalescent  or,  at  any  rate,  not  crystal- 
clear  as  are  true  solutions.  But  some  colloid  solutions  are 
transparent,  so  the  turbidity  or  clarity  of  a  solution  cannot  be 
resorted  to  as  a  means  of  distinguishing  a  true  from  a  colloidal 
solution.  Colloid  solutions  have,  nevertheless,  certain  unique 
characteristics:  when,  for  example,  a  beam  of  light  is  thrown 
from  one  side  into  a  colloidal  solution,  the  diameter  of  the 
particles,  being  greater  than  the  length  of  the  waves  of  light, 
scatters  the  rays,  and  a  bright  opalescent  cone  is  seen,  known 
as  Tyndall's  phenomenon.  The  particles  are  also  made  dimly 
visible  if  a  film  of  a  colloidal  solution  is  illuminated  by  a  light 
directed  upon  it  from  one  side  and  observed  under  the  micro¬ 
scope.  Upon  this  fact  the  ultramicroscope  is  based;  by  means 
of  this  instrument  the  presence  of  particles,  invisible  through 
an  ordinary  microscope,  is  revealed. 

We  do  not  use  the  term  solute  in  speaking  of  the  particles 
of  a  colloid  solution  as  we  do  of  a  substance  which  goes  into 
true  solution.  The  particles  are  called  the  internal  or  dis¬ 
persed  phase  of  the  solution;  the  medium  in  which  the  par¬ 
ticles  are  dispersed  is  known  as  the  external  or  dispersion 


®  One  micron  (abbrev,  y)  equals  millimeter.  A  millimicron  (abbrev.  my) 
equals  micron  or  i7r6T;TOr  of  a  millimeter.  A  micromicron  (abbrev.  yy)  is 
x;trB¥7irw  of  a  micron  or  i"'ooo,Joo,oo6  of  a  millimeter. 
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phase.  A  reversal  of  the  two  phases,  under  certain  conditions, 
such  as  a  fall  in  temperature,  is  a  characteristic  of  certain  col¬ 
loids,  namely,  glue,  gelatin,  and  starch,  the  particles  (internal 
phase)  joining  together  and  enclosing  the  medium '(external 
phase),  see  Figure  1-7.  The  change  is  quite  evident  to  the 
naked  eye;  the  material  no  longer  flows  but  has  become  firm 
or  jelly-like.  The  hydrosol  (sol)  has  been  converted  to  a  hy¬ 
drogel  (or  gel),  as  the  colloid  is  now  called.  A  change  of  tlds 


i"7  Diagram  to  show  the  rearrangement  of 
the  particles  when  a  sol  changes  to  a  gel. 


^  the  conversion  of  the  plasma  protein  fibrino¬ 
gen  to  fibrin  when  the  blood  coagulates  (p.  106). 

Most  colloids,  owing  to  the  relatively  large  size  of  their  par¬ 
ticles,  can  be  separated  from  the  dispersing  medium  and  from 
crystalloids  by  means  of  a  suitable  filter.  The  procedure  is 
ailed  ultrafihratton.  Such  a  process  takes  place  in  the  body. 
The  membrane  forming  the  capillary  walls,  for  example,  serves 
a  filter  which,  while  holding  the  plasma  proteins  to  a  large 
extent  within  the  circulation,  permits  water  and  crystalloids  fo 
pass  fredy  through  to  the  surrounding  tissue  cells  (see  Fig. 
3-9,  P-  ^).  Nor  do  the  plasma  colloids  normally  enter  the 
urme;  they  are  prevented  from  escaping  from  the^circulation 
by  the  mterposition  of  a  fine  filter  in  the  kidney  the  water 

i„0  Ac  renal 

Colloids,  by  means  of  dialysis,  can  also  be  separated  from  anv 
crystalloids  which  may  be  associated  with  them.  Colloid  par¬ 
ticles  are  unable  to  pass  through  certain  membranes,  such  ^ 


ELEMENTARY  PRINCIPLES 


21 


sausajrc  skin,  frog’s  skin,  cellophane,  etc.,  which  are  permeable 
to  the  smaller  molecules  of  water  and  crystalloids.  If,  there¬ 
fore,  a  colloitl  solution  containing  salt  is  [ilaced  in  a  .small  sac 
made  of  sausage  skin  or  cellophane,  aiul  immersed  in  distilled 
water,  the  molecules  of  salt  c.sc:ipc  into  the  surrounding  water 
and  molecules  of  water  pass  into  the  colloid  .solution.  This 
procc.ss  continues  until  the  concentration  of  salt  is  the  same  on 
the  two  sides  of  the  membrane.  If  the  distilled  water  is  re¬ 
newed  repeatedly  the  colloid  .solution  is  eventually  completely 
freed  of  the  crystalloid. 

Mg.  I  8  Brownian  move- 
niciu,  'Fho  successive  po¬ 
sitions  of  a  particle  of  a 
colloid  as  observed  by 
means  of  the  ultrainicro- 
scope. 

Brownian  movements.  This  is  an  astonishing  phenomenon 
first  described  about  one  hundred  years  ago  by  a  British  bota¬ 
nist,  Robert  Brown.  When  a  colloid  solution  is  observed  with 
the  ultramicroscope,  random,  erratic,  zigzag  movements  of  the 
particles  are  seen  (Fig.  i-8).  The  movements  occur  ceaselessly 
and  with  great  rapidity,  the  particles  appearing  to  dart  here 
and  there  like  midges,  or  a  great  number  of  rubber  balls  struck 
by  an  invisible  hand.  The  movements  are  not  an  inherent 
property  of  the  colloid  particles  themselves,  but  are  caused  by 
the  molecules  of  water  and  other  molecules  of  the  external 
phase  coming  repeatedly  into  near  collision  with  them  (see 
Kinetic  theory,  p.  265).  It  appears  that  actual  contact  of  the 
smaller  rapidly  moving  molecules  with  the  larger  does  not  oc¬ 
cur;  it  is  prevented  by  mutual  repulsion. 

The  particles  of  many  colloids  when  in  aqueous  solution  are 
electrically  charged,  carrying  negative  (OH“)  or  positive  (H+) 
ions,  depending  upon  the  kind  of  colloid,  adsorbed  (see  below) 
from  the  surrounding  slightly  ionized  water  (p.  14).  Since 
like  charges  of  electricity  repel  one  another,  the  particles  of  a 
given  colloid  having  the  same  sign  of  charge  (+  or  — )  are 
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prevented  from  gathering  into  large  clumps;  they  arc  thus  kept 
in  a  state  of  uniform  dispersion.  This  fact,  and  the  Brownian 
movements  just  described,  keep  the  particles  in  a  state  of  per¬ 
manent  suspension;  they  show  little  or  no  tendency  to  .settle  to 
the  bottom  of  the  containing  vessel. 

Adsorption.  The  property  of  any  material  to  attract  and 
hold  molecules,  solid,  liquid  or  gaseous,  to  its  surface,  is  called 
adsorption.  The  molecules  or  particles  do  not  penetrate  into 
the  substance  or  structure  of  the  adsorbing  body;  adsorption, 
therefore,  is  to  be  distinguished  from  absorption.  Many  col¬ 
loids  tend  to  be  adsorbed  on  the  surface  of  other  bodies.  Hiey, 
in  turn,  exhibit  the  property  of  adsorbing  smaller  particles  to 
a  pronounced  degree  which,  owing  to  the  small  size  of  the  in¬ 
dividual  particles,  offer  in  the  aggregate  an  immense  surface  to 
still  smaller  particles  in  the  dispersion  phase.  For  this  reason, 
finely  ground  charcoal  and  other  colloids  are  most  effective 
clarifying,  decolorizing,  or  deodorizing  agents,  the  molecules 
of  the  offending  material  being  thus  removed  from  solution. 


Chapter  2 

PROTOPLASM. 

THE  CELL.  THE  TLSSUES 


Protoplasm  is  the  material  basis  of  all  forms  of  life.  I'lic  sub¬ 
stance  of  the  animal  body  —  muscles,  brain,  kiilncy,  liver,  etc. 
—  is  composwl  largely  of  this  “  life  stuff.”  Yet  the  exact  chem¬ 
ical  constitution  of  living  protoplasm  is  unknown,  for  any  of 
the  means  which  might  be  employed  to  analyze  it  cause  its 
death.  Irreversible  physical  and  chemical  changes  then  occur, 
and  we  are  no  longer  dealing  with  the  substance  whose  com¬ 
position  we  had  set  out  to  tletermine.  I’hc  most  that  can  be 
said  with  regard  to  the  chemistry  of  protoplasm  is  that  it  con¬ 
sists  of  a  watery  solution  of  proteins,  together  with  smaller 
amounts  of  carbohydrates  (glycogen  and  glucose),  lipids  (fat- 
like  materials)  and  inorganic  salts  (of  potassium,  calcium,  so¬ 
dium,  magnesium,  etc.).  The  word  protoplasm  {literally,  the 
first  thing  formed)  is  itself  no  more  than  a  generic  term,  for 
there  arc  innumerable  types  of  this  material,  its  constitution 
varying  in  the  different  forms  of  life  as  well  as  in  the  different 
tissues  of  any  individual.  Furthermore,  it  is  the  seat  of  innu¬ 
merable  chemical  reactions,  oxidations  and  reductions,  decom¬ 
positions  and  syntheses;  its  chemical  nature  is  therefore  chang¬ 
ing  ceaselessly.  Upon  these  changes  the  varied  phenomena  of 
life  depend. 

,  ,  V  ;  ; 

The  physiological  Properties  oj  Protoplasm 

The  various  physical  and  chemical  processes  of  plant  and  ani¬ 
mal  life  are  simply  the  manifestations  of  the  properties  of  pro- 

. ' ;  ;  . 
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toplasm.  It  is  these  properties  which  we  recognize  as  distin¬ 
guishing  the  living  from  the  nonliving  world. 

The  protoplasm  of  animals  possesses  four  fundamental  prop¬ 
erties:  (i)  irritability  or  excitability;  (2)  conductivity;  (3)  the 
power  to  convert  the  potential  energy  of  food  material  into 
other  forms  of  energy  —  thermal,  mechanical,  chemical  or  ekx- 
trical;  and  (4)  growth. 

Irritability  or  excitability.  These  terms  refer  to  the  ability  to 
respond  to  a  stimulus.  A  stimulus  may  be  defined  as  some 


ch^ge  m  the  environment  occurring  at  a  sufficiently  rapid 
rate  ihe  ameba,  for  example,  when  stimulated,  as  by  the 
touch  of  a  stiff  hair  or  by  heating  the  water  in  which  it  is  im- 
.mersed  shows  that  it  is  alive  by  a  movement  and  a  change  in 
form  of  Its  minute  body  (Fig.  2-1).  Also,  the  excised  micle 
of  the  frog  shows  its  irritability,  so  long  as  it  remains  alive,  by 
shortenmg  (contractmg)  when  stimulated  in  one  or  other  of 
^«al  ways  (mechanically,  thermally,  chemically,  or  electri- 

^nduc^ty.  The  effect  caused  by  a  stimulus  is  not  con- 
imed  to  the  region  m  the  immediate  neighborhood  of  the 

Dl^m  throughout  the  mass  of  proto- 

frin  ^  “  stimulated  thLon- 

ceases'iro^Tti,'  stimulus 

phed  IS  Ae  first  to  resume  Ae  resting  state;  Ae  opposite  end 
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of  the  muscle  is  the  last  to  become  inactive.  This  phenomenon 
of  the  stimulated  muscle  illustrates  the  property  of  conductiv¬ 
ity.  Conductivity  reaches  its  highest  development  in  nervous 
tissue.  The  disturbance  set  up  in  a  nerve  fiber  by  a  stimtilus  is 
transmitted  to  the  farthest  end  of  the  fiber,  which  in  some  in¬ 
stances  is  several  feet  long.  In  a  warm-blooded  animal  the 
disturbance  or  impulse,  as  it  is  called,  is  transmitted  at  the  rate 
of  some  300  feet  per  second,  i.e.,  at  about  the  velocity  of  a  re¬ 
volver  bullet. 

Metabolism.  The  ability  which  protoplasm  possesses  to  lib¬ 
erate  and  convert  to  its  own  uses  the  energy  stored  in  food 
material  is  referred  to  as  metabolism  (see  also  p.  382).  The 
term'  embraces  all  those  chemical  reactions  occurring  in  the 
tissues  and  from  which  energy  is  derived  for  the  performance 
of  muscular  work  or  for  sustaining  the  vital  processes,  e.g.,  the 
contractions  of  the  heart,  the  activity  of  the  nerve  centers,  the 
generation  of  body  heat,  and  the  manufacture  of  the  diges¬ 
tive  and  other  essential  secretions  (e.g.,  those  of  the  ductless 
glands).  Upon  chemical  reactions  also  depends  the  growth 
of  the  young  animal.  In  the  digestive  tract  the  food  materials 
are  broken  down  into  simpler  compounds  which  are  absorbed 
by  the  blood  and  rebuilt  to  form  body  tissue. 


HheCell 

In  very  simple  forms  of  life,  e.g.,  the  ameba  (Fig.  2-1),  a  single 
small  mass  of  protoplasm,  called  a  cell,  composes  the  organ¬ 
ism’s  entire  body.  Such  organisms  are  called  unicellular. 
Other  forms  of  life  whose  bodies  are  constituted  of  many  such 
microscopic  blocks  of  protoplasm  are  called  multicellular. 
Higher  animals  are  constructed  of  immense  multitudes  of  cells 
grouped  together  into  various  patterns  to  form  the  different 
tissues  of  the  body. 

Though,  as  we  shall  soon  see  (p.  26),  cells  vary  greatly  in 
size  and  shape,  the  majority  possess  certain  characteristics  in 
common.  Each  possesses  a  smaller  ovoid  or  globular  body 
called  the  nucleus  which  in  a  typical  cell  lies  near  its  center 
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(Fiz.  2-2).  The  substance  surrounding  the  nucleus  and  con¬ 
stituting,  in  most  instances,  the  main  bulk  of  the  cell  is  called 
the  cJplasm.  The  nucleus  like  the  rest  of  the  cell  consists  of 
protoplasm  {hpryoplasm) ,  but  differs  from  the  cytoplasm  m 
Lntaining  irregular  masses  or  strands  of  a  substance  which 
stains  strongly  with  basic  dyes  (e.g.,  hematoxylin).  This  dark 
staining  material  is  called  chromatin.  Unlike  the  cytoplasm 
the  nucleus  is  rich  in  nucleic  acid  (p.  400).  The  nucleus  of 
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Fig.  2-2  The  cell 

almost  all  types  of  cell  contains  one  or  two  small  bodies  called 

nucleoli.  These  bodies  stain  with  acid  dyes  (e.g.,  cosin). 

The  cytoplasm  usually  shows  a  fine  granulation^lue  to  the 
presence  of  small  round  or  •  rod-shaped  structures  ■  or  fine  fila¬ 
ments  called  mitochondria.  Small  clear  spaces  called  vacuoles 
are  seen  in  the  cytoplasm  of  some  cells.  In  others,  e.g.,  salivary 
and  gastric  glands,  the  cytoplasm  contains  coarse  granules  from 
which  the  secretion  of  the  gland  is  derived. 

The  cytoplasm  at  the  circumference  of  the  cell  is  condensed 
to  form  what  is  usually  referred  to  as  the  cell  membrane.  This 
acts  as  a  semipermeable  membrane  (p.  64),  and  also  serves  to 
stiffen  the  contour  of  the  cell  and  to  give  it  definite  shape.  The 
view  is  widely  held  that  the  cell  membrane  is  composed  mainly 
of  lipid  (fat-like)  material.  There  is  to  be  seen  a  small  spheri¬ 
cal  body  near  the  nucleus  called  the  centrosphere,  central  body, 
or  centrosome.  Within  this  structure  which  appears  to  be  a  con¬ 
densation  of  the  cytoplasm,  two  fine  dots  of  a  darker  material 


Fig,  2-3  Diagram  showing  phases  or  stages  in  the 

division  of  a  cell  by  mitosis;  i,  resting  cell;  2,  5  and 
4,  prophase;  5,  metaphase;  6.  anaphase;  7  and  8, 
telophase;  9,  two  new  cells  (daughter  cell?). 
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knowh  as  centriolcs  are  situated.  During  cell  division  the 
centrosphere  divides  into  two  parts  which  soon  separate.  The 
newly  formed  centrosphereS,  each  with  a 
grate  md  take  up  positions  at  opposite  poles  of  the  cel .  From 

Lh  c««rosphJe  a  series  of  filaments  radiate  and  stretch  to 
the  sections  of  the  chromatin  material  {chromosomes)  of  the 
nucleus  which  by  this  time  has  undergone  changes  preparatory 
to  its  division  into  two  (Fig.  2-3).  This  type  of  cell  division 
is  called  mitosis  (see  also  p.  28) . 


Fig.  2-4  Showing  the  reproduction  of  a  primitive 
cell  (e.g.,  an  ameba)  by  fission. 


In  certain  very  primitive  forms  of  life  the  cells  multiply  by 
a  simple  separation  into  two  parts  without  any  preliminary 
changes  appearing  in  the  nucleus.  This  type  of  cell  reproduc¬ 
tion  is  called  direct  or  amitotic  division  or  fission  (Fig.  2-4). 


The  Tissues 

Each  of  the  various  parts  and  organs  of  the  body  of  a  higher 
animal  is  highly  specialized  for  the  particular  function  which 
it  is  called  upon  to  perform.  Since  any  organ  is  a  mass  of  cells, 
its  specialization  must  depend  upon  the  character  of  the  cells 
of  which  it  is  composed.  The  ameba  performs  all  the  fun¬ 
damental  functions — respiration,  digestion,  excretion,  etc. — 
within  the  compass  of  a  single  cellf  Like  a  solitary  pioneer  it 
must  do  all  those  things  which  are  necessary  for  its  existence. 
In  the  multicellular  animal,  the  cells  have  undergone  differen¬ 
tiation  into  various  types  and,  like  the  classes  of  individuals 
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making  up  the  population  of  a  civilized  community,  each  type, 
though  highly  proficient  in  the  execution  of  one  or  other  par¬ 
ticular  function,  has  lost  the  versatility  of  the  primitive  organ¬ 
ism.  The  tissues  of  the  body  are  divisible  into  four  main_  types 
—  epithelial,  muscular,  nervous,  and  connective  —  according  to 
the  type  of  cell  of  which  each  is  composed.  The  structure  of 
nervous  tissue  is  described  in  Chapters  ii  and  12. 


The  epithelial  tissues.  Epithelial  cells  serve  as  a  protective 
covering.  They  are  arranged  in  a  series  of  layers  or  strata  to 
form  the  outer  part  of  the  skin  (epidermis) ;  they  also  line  the 
digestive,  respiratory,  and  urinary  tracts.  Other  types  of  epi¬ 
thelial  cell  have  acquired  secretory  functions.  The  various  ex¬ 
ternal  secretory  glands  (digestive,  mammary,  sweat,  etc.),  as 
well  as  some  of  the  glands  of  internal  secretion  (thyroid,  para¬ 
thyroid,  anterior  pituitary),  are  composed  of  epithelial  cells 
(p.  444)' 

Epithelial  cells  are  of  several  varieties.  Some,  the  columnar 
type,  are  relatively  long  and  narrow,  appearing  under  the  im- 
croscope  as  slender  columns  set  side  by  side  like  the  st^es  in 
a  palisade  (Fig.  2-5).  In  some  situations,  as  in  the  linings  of 
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(windpipe)  -d  b-«hi.  4c  colu^«  cells 

are  surmounted  by  fine  hair-like  structures  called  aha  (Fig.  2-6). 

Silted  epidtelil  also  lines  "P-"  f 

Eustachian  (auditory)  tubes,  and  t  e  nu  incessant 

which  are  some  3  or  4  miaons  in  length,  sliow  an  incessant 

motion  They  bend  quickly  in  one  direction  and  then  more 

TwlTtccov  j  their  0^1  The  7“leS 

peatcd  at  the  rate  o£  ten  or  more  pa  second.  The  rate 

CILIA 


BASEMENT 

MEMBRANE 

CONNECTIVE 
TISSUE 


Fig.  2-6  Ciliated  columnar  epithelial  cells. 

slowed  by  cold  and  accelerated  by  warmth.  Carbon  dioxide, 
ether,  chloroform,  or  alcohol  vapor  causes  cessation  of  the 
movements.  In  the  case  of  the  respiratory  passages  the  quick 
movement  is  toward  the  exterior  —  that  is,  from  below  toward 
the  larynx  or  from  above  toward  the  nostrils.  The  cilia  do  not 
beat  in  unison  5  on  the  contrary,  each  beats  a  little  time  before 
its  neighbor  placed  nearer  the  exterior.  Thus  waves  or  ripples 
appear  to  pass  over  a  ciliated  surface  like  a  field  of  standing 
wheat  stirred  by  a  breeze.  The  advantage  of  such  a  motion  is 
obvious  I  it  serves  to  sweep  mucus  and  dust,  or  other  small  par* 

1  A  micron  fi  is  millimeter;  a  millimeter  is  about  ^  inch. 
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tides,  from  the  respiratory  passages.  In  the  Fallopian  tubes 
the  cilia  act  to  propel  the  ova  to  their  destination  (p.  734)- 
Epithelial  cells,  which  are  about  as  broad  as  they  are  long, 
are  called  cuboidal  (Fig.  2-7).  Another  type  of  epithelium  is 
composed  of  thin  plate-like  or  scale-like  cells,  and  is,  therefore, 


Fig.  2-7  Cuboidal  epithelial  cells. 


termed  squamous  {squama=-  scale)  (Fig.  2-8).  In  some  situ¬ 
ations,  as  on  the  inner  surface  of  the  tympanic  or  drum  mem¬ 
brane  (p.  676),  the  epithelium  consists  of  a  single  layer  of 
squamous  cells  lying  edge  to  edge  as  in  a  pavement,  In  other 
places,  as  in  the  skin,  cornea,  and  lining  of  the  mouth  and 
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Fig.  2-8  Squamous  epithelial  cells. 

vagina,  there  are  several  strata  of  cells.  The  deepest  ones  are 
cuboidal  or  columnar;  those  covering  the  surface  are  squa¬ 
mous.  Between  these  two  types  is  a  series  of  layers  whose  cells 
decrease  in  thickness  in  each  successive  stratum  nearer  the  sur¬ 
face.  This  type  of  tissue  is  termed  stratified  squamous  epithe¬ 
lium  (Fig.  2-9). 

The  skin.  The  skin  consists  of  two  mam  parts.  The  more 
superficial  of  these  is  called  the  epidermis;  the  dee|)er  portion 
is  known  as  the  dermis  or  true  skin  {cutis  ver a).  The  epider¬ 
mis  is  composed  of  stratified  epithelium;  distinguishing  micro¬ 
scopical  features  at  different  depths  enable  it  to  be  described 
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in  four  layers  which  have  been  given  special  names.  These 
Ln  from  the  surface  inward  are:  (i)  the  stratum  cormum 
thorny  layer,  (2)  the  sua,u,»  luddum,  (3)  the 
ulosum  zoA  (4)  stratum  germmattvum  (see  Fig.  2-10). 

7CZtum  corr^eum  consists  of  clear  scale-hke  cells  which 
are  very  thin  near  the  surface  but  increase  in  thickness  m  sue 
Lively  deeper  layers.  The  cells  of  the  horny  layer  contain  a 
protein^called  \era^{^.  395)  and  are  without  nuclei  the 
most  superficial  cells  are  being  continually  shed  and  replaced 
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Fig.  2-9  Stratified  epithelium. 


from  below.  The  stratum  lucidum  {clear  layer)  is  a  narrovv 
glistening  band  in  which  the  cells  are  very  indistinctly  marked 

off,  and  contain,  as  a  rule,  no  nuclei. 

The  stratum  granulosum  is  made  up  of  two  or  three,  some¬ 
times  more,  layers  of  triangular,  rhomboid  or  spindle-shaped 
cells;  numerous  coarse  darkly-staining  granules  arc  to  be  seen 
in  the  cytoplasm.  The  stratum  germinativum  (also  known  as 
the  stratum  mucosum  or  the  prickle  layer)  consists  of  a  layer 
of  columnar  or  cuboidal  cells  lying  upon  and  anchored  to  the 
corium,  and  some  three  or  four  layers  of  angyilar  cells  con- 
nected  to  each  other  by  short  protoplasmic  spines  or  prickles* 
Multiplication  of  the  cells  of  the  skin  takes  place  in  this  layer, 
especially  in  the  most  deeply  situated  cells;  it  is  the  only  layer 
in  which  mitosis  can  be  observed.  It  is  from  this  fact  that  the 
layer  derives  its  name.  The  skin  pigment  is  present  in  this 
layer  (see  below). 

The  dermis  is  composed  of  loose  connective  tissue  which  con¬ 
tains  the  vessels  and  nerves  of  the  skin.  From  its  more  super- 
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Fig.  2-10  Showing  a  section  of  skin  {upper  sketch),  epidermis  and  part 

of  dermis  under  high  magnification;  a  skin  section 

eluding  dermis,  epidermis  and  subcuUncous  tissue,  to  show  hair  follic  , 

glands  and  smooth  muscle. 


km  • 


34  protoplasm,  the  cell,  the  tissues 

ficial  portion  tongue-like  processes  -  of  the  sk! 

project  into  the  overlying  epiderm^  which  appears  to  be 

The  skin  contains  numerous  small  tubular  glands  (sweat 
elands  and  sebaceous  glands)  which  arising  in  the  conum  pass 
vertically  outward  through  the  epidermis  to  open  upon  the 
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Fig.  2-11  Showing  a  section  of  mucous  membrane 
from  the  esophagus.  Membrana  propria,  also  known 
as  lamina  propria. 


Beneath  the  corium  is  a  layer  of  connective  tissue  which  usu¬ 
ally  contains  much  fat;  it  is  called  the  subcutaneous  tissue. 

The  hairs  developed  from  the  epidermis  but  penetrate 
into  the  subcutaneous  tissue.  They  are  composed  of  an  elastic 
horny  material  and  have  a  definite  structure.  The.  shaft  of  the 
hair  is  that  part  projecting  beyond  the  surface  of  the  skin,  the 
buried  part  is  called  the  root.  The  lower  end  of  the  root  shows 
a  swelling  known  as  the  hair  bulb.  The  elongated  socket  en¬ 
closing  the  root  of  the  hair  is  called  the  hair  follicle;  it  is  com¬ 
posed  of  several  layers  of  epithelial  cells  surrounded  by  a  con¬ 
nective  tissue  coat.  Delicate  strands  of  smooth  muscle  —  the 
erectors  of  the  hairs  (arrectores  pilorum)  —  arise  in  the  outer 
part  of  the  corium  and  run  obliquely  inward  to  be  attached 
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to  the  hair  follicles  near  their  middle.  These  muscles  cause 
the  erection  of  the  hairs  of  animals  and  the  feathers  of  birds. 
They  cause  that  roughening  of  the  skin  in  man  known  as 

“  goose  flesh/* 

The  permanent  skin  color,  that  is,  the  shade  or  tint  of  the 
skin  independent  of  that  caused  by  its  blood  supply,  is  due  to 


.  MUCUS  ON  SURFACE 


MUCUS 
_ -  DISCHARGING 

-MUCUS  FORMING 


BASEMENT 
-  MEMBRANE 

.  CONNECTIVE 
TISSUE 


Fig,  2-12  Ciliated  columnar  epithelium  from  nasal 
mucous  membrane  showing  intracellular  formation 
of  mucous  (goblet  cells). 

fine  granules  of  a  pigment  known  as  melanin  present  in  cer¬ 
tain  cells  of  the  stratum  germinativum.  In  fair  skinned  races 
these  cells,  which  are  known  as  melanoblasts,  are  to  be  found 
only  in  the  deepest  cells  of  this  layer,  but  in  the  darkest  skins 
they  are  present  throughout  the  prickle  layer  and  may  even 
extend  into  the  stratum  granulosum. 

The  skin  carries  out  two  essential  functions,  (i)  to  protect 
the  underlying  more  delicate  and  sensitive  tissues  from  me¬ 
chanical,  thermal  and  chemical  injuries,  and  from  the  inroads 
of  bacteria  (Chap.  5)  or  other  pathogenic  organisms,  and 


36  PROTOPLASM.  THE  CELL.  THE  TISSUES 

(2)  to  aid  in  the  regulation  of  the  body  temperature  (p.  41 1). 
Small  quantities  of  waste  materials,  especially  urea,  are  ex¬ 
creted  by  the  skin  in  the  sweat.  This  mode  of  elimination  is 
probably  of  little  importance  in  health,  but  is  sometimes  in¬ 
voked  in  advanced  kidney  disease  when  the  physician  employs 
every,  means  to  promote  the  secretion  of  sweat. 

Mucous  membrane.  The  linings  of  the  respiratory,  diges¬ 
tive  and  genito-urinary  tracts  are  called  mucous  membranes. 

They  consist  of  a  layer 
or  several  layers  of  epi¬ 
thelial  cells  laid  upon  a 
thin  membrane  called 
the  basement  mem¬ 
brane.  Beneath  the  lat¬ 
ter  lies  a  layer  of  inter¬ 
lacing  connective  tissue 
fibers  known  as  the 
lamina  propria,  which 
in  many  situations  im¬ 
mediately  overlies  a  rel¬ 
atively  thick  layer  of 
loose  connective  tissue  containing  vessels  and  nerves,  and  small 
glands  (Fig.  2-11) ;  this  is  called  the  submucosa.  In  the  c.sopli- 
agus,  stomach  and  intestines,  but  not  in  the  respiratory  and 
genito-urinary  tracts,  a  layer  of  smooth  muscle  known  as  the 
muscularis  mucosae  lies  between  the  lamina  propria  and  the 
submucosa.  The  epithelial  cells  of  mucous  membranes  differ 
in  kind  according  to  their  location.  In  the  trachea  and  bronchi, 
for  example,  there  are  a  number  of  cell  layers,  the  most  super¬ 
ficial  being  of  the  columnar  ciliated  type,  but  in  the  esophagus 
the  cells  arc  stratified  squamous,  and  in  the  stomach  and  intes¬ 
tines  they  are  simple  columnar. 

Mucous  membranes  secrete  a  slimy,  tenacious  material  called 
mucus.  This  secretion,  which  contains  a  protein  material  (a 
glycoprotein,  p.  395)  known  mucin,  vs  formed  within  the 
cytoplasm  of  the  epithelial  cells.  As  the  material  accumulates 
the  cell  becomes  distended  and,  finally  bursting,  discharges  its 


Fig.  2-13  Endothelial  cells. 
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contents.  The  mucus  coats  the  epithelial  surface,  serving  as  a 
protection  against  injurious  substances  or  to  trap  small  foreign 
particles.  From  their  flask-like  appearance  when  filled  with 
mucus,  cells  of  this  type  are  referred  to  as  goblet  cells.  Though 
a  certain  proportion  of  the  epithelial  cells  constantly  secrete 


Fig.  2-14  Diagram  show¬ 
ing  five  different  types  of 
gland;  i,  simple  tubular; 

2,  branched  tubular;  3, 
branched  tubulo-alveolar; 

4,  simple  alveolar;  5,  com¬ 
pound  alveolar,  racemose. 

mucus,  the  number  is  greatly  increased  by  mechanical  stimu¬ 
lation,  or  by  infection  or  other  harmful  action.  We  are  all 
familiar  with  the  running  nose  of  the  common  cold,  and  with 
the  expectoration  of  mucus  which  accompanies  inflammation 
of  the  trachea  or  bronchi  (Fig.  2-12). 

Endothelium  is  a  type  of  epithelial  tissue.  It  consists  of  ex¬ 
tremely  thin,  wafer-like  cells  with  wavy  or  jagged  edges  (Fig. 
2-13)  which  are  laid  edge  to  edge  to  form  exquisitely  delicate 
glistening  membranes  lining  the  chambers  of  the  heart,  the 
blood  vessels,  and  the  pleural  and  abdominal  cavities.  The 
smallest  lymphatics  and  blood  vessels  (capillaries)  have  trans¬ 
parent  walls  composed  of  a  single  layer  of  endothelial  cells 
held  together  by  a  very  thin  layer  of  a  cementing  substance  (sec 
p.  132). 
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Glandular  tissue.  The  epithelial  cells  composing  glands  arc 
arranged  in  various  patterns  (Fig.  2-14)-  In  one  of  the  sim¬ 
plest  types  of  gland  the  secreting  cells  form  a  single  tube  which 
opens  directly  upon  the  surface  (mucous  membrane,  skin, 
etc.).  Such  glands  are  called  simple  tubular.  In  other  kinds 
of  tubular  glands  the  deep  part  of  the  tube  becomes  branched 
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Fig.  2-15  Showing  cross  section  of  a  racemose  gland, 

In  other  glands  again,  the  cells  surround  a  central  more  or  less 
spherical  cavity  in  which  the  glandular  secretion  is  received. 
The  cavity  with  its  wall  of  secreting  cells  is  called  an  acinus, 
follicle  or  alveolus  (see  Fig.  2-15).  The  channel  or  duct  lead¬ 
ing  from  the  acinus  may  open  directly  upon  the  surface.  But 
in  large  glands  of  this  sort  the  duct  joins  a  similar  one  from  a 
neighboring  follicle  to  form  a  larger  channel  which  unites  in 
tiurn  with  others  of  the  same  size.  Successive  unions  of  this 
kind  result  in  the  formation  of  a  rich  root-like  system  of  <.lucts, 
the  secretion  being  discharged  to  the  surface  ultimately 
through  a  single  large  duct.  The  salivary  glands  and  the  pan¬ 
creas  arc  glands  of  this  latter  type,  and,  since  the  acini  and  the 
branching  system  of  ducts  bear  a  resemblance  to  a  cluster  of 
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grapes  they  are  called  acinar  or  racemose  glands  (L.  acinus, 
a  grape;  racemus,  a  bunch  of  grapes). 

In  most  glands  granules  can  be  demonstrated  within  the 
cells;  they  vary  in  size,  number  and  distribution  according  to 
the  secretory  activity  of  the  gland  at  the  moment.  These  gran¬ 
ules  are  the  mother-substance  of  the  secretion;  they  constitute 
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Fig.  2-16  Cross  section  of  a  racemose  gland  (e.g., 
salivary)  showing  zymogen  granules  being  dis¬ 
charged  into  alveolus. 


the  material  which,  when  the  gland  is  stimulated  to  activity, 
is  converted  into  the  enzyme  (p.  317)  or  other  essential  com¬ 
ponent  of  the  secretion.  They  are  known  as  zymogen  gran¬ 
ules.  In  an  inactive  or  resting  gland  the  cells  are  loaded  with 
granules,  but  when  the  gland  is  stimulated  the  latter  move 
toward  the  cavity  of  the  follicle,  disappearing  from  the  basal 
portions  of  the  cells;  with  prolonged  activity  the  cells  are  com¬ 
pletely  cleared  of  granules,  the  gland  being  then  exhausted 
(see  Fig.  2-16). 

Muscular  tissue.  There  are  two  main  types  of  muscular  tis¬ 
sue:  striated  or  striped  and  unstriated  or  unstriped  (also  called 
plain  or  smooth).  Skeletal  or  voluntary  muscle,  e.g.,  the  mus¬ 
cles  of  the  limbs,  is  striated.  With  the  exception  of  that  form¬ 
ing  the  heart,  the  involuntary  muscle  of  the  internal  organs 
(e.g.,  stomach,  intestines,  bronchi  and  bronchioles,  uterus,  Fal- 
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lopian  tubes,  etc.)  is  nonstriated.  The  muscle  fibers  in  the 
skin  attached  to  the  hair  follicles,  in  the  walls  of  the  blood  ves¬ 
sels  and  around  the  alveoli  of  various  glands  are  also  of  the 
unstriated  variety.  The  muscle  of  the  heart  though  striated 
differs  in  important  respects  from  voluntary  muscle  (p.  169). 


Fig.  2-17  Upper  sketch  shows  a  bundle  of  striated  tmisclo  IiIkts. 
Lower  sketch  is  a  diagram  to  show  alternating  liglit  and  dark  discs  in 
a  myofibril.  Z’s  represent  Krause’s  membranes  which  subdivulc  the 
light  bands. 

Muscle  cells  are  long  and  slender  and  for  this  reason  are  usu¬ 
ally  referred  to  as  muscle  fibers.  They  are  usually  tapered  at 
their  ends  which  are  applied  side  by  side  to  form  longer  or 
shorter  chains.  They  vary  very  greatly  in  length,  from  a  few 
microns  — the  length  of  certain  nonstriated  fibers  —  to  35  or 
40  millimeters  as  shown  by  the  fibers  of  some  skeletal  muscles. 
In  the  large  muscles  of  the  skeleton  great  numbers  of  such 
fibers  are  massed  together  into  bundles.  The  bundles  are 
bound  together  by  connective  tissue  into  larger  masses.  The 
contractile  power  of  a  muscle  depends  upon  the  combined  ef¬ 
fect  of  the  innumerable  fibers  of  which  it  is  composed. 

Upon  close  examination  under  the  microscope  a  striated 
muscle  fiber  shows  a  scries  of  alternating  light  and  dark  trans¬ 
verse  bands.  Each  fiber  is  ensheathed  by  a  delicate  membrane 
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called  the  sarcolemma  {Surx  =  flesh  [muscle^,  lemma  = 
huslO,  and  running  through  its  entire  length  are  a  great  num¬ 
ber  of  fine  parallel  filaments  —  the  myofibrils.  The  latter  are 
embedded  in  the  cytoplasm,  which  is  usually  referred  to  as  the 
sarcoplasm.  Each  myofibril  is  constituted  of  a  number  of  al- 
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Fig.  a- 1 8  Cross  section  of  a  muscle  bundle  showing  enveloping  sheaths. 
Lower  sketch  shows  the  muscle  fibers  enlarged. 


ternating  light  and  dark  sections.  They  are  called  the  J  and 
the  Q  discs,  respectively  (see  Fig.  2-17).  A  narrow  dark  line, 
known  as  the  Z  line  or  Krause’s  membrane,  divides  each  light 
or  J  disc  transversely  into  halves.  The  discs  in  all  the  myo¬ 
fibrils  lie  in  line  across  the  fiber;  light  to  light  and  dark  to 
dark.  They  are  responsible  for  the  cross-banding  of  the  fiber 
mentioned  above.  The  myofibrils  are  the  most  minute  parts 
of  the  muscle  which  can  be  seen  with  the  ordinary  micro¬ 
scope,  but  even  these,  delicate  as  they  are,  can  be  shown  by 
means  of  the  electron  microscope  to  consist  of  a  large  number 
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of  fine  threads  of  protein  material  called  actomyosin  (sec 
p.  546).  These  infinitely  fine  threads  are  called  micellae. 
They  are  the  essential  contractile  elements  of  muscle. 

The  striated  muscle  fiber  contains  one  or  more  nuclei  just 
beneath  the  sarcolemma;  in  a  long  fiber  several  nuclei  may  be 
seen.  In  having  its  nuclei  placed  near  its  outer  boundary,  the 
striated  muscle  fiber  differs  from  most  other  cells,  in  which 
the  nuclei  are  centrally  situated.  Each  muscle  fiber  is  sepa¬ 
rated  from  its  neighbors  and  completely  enveloped  by  a  thin 
investment  of  connective  tissue.  This  sheath  which  lies  out- 


Fig.  2-19  Smooth  (non-striated)  muscle  fibers. 


side  of  the  sarcolemma  is  called  the  endomysium.  A  connec¬ 
tive  tissue  layer,  the  perimysium,  also  encloses  groups  of  muscle 
fibers  holding  them  in  bundles.  The  envelope  of  connective 
tissue  surrounding  the  entire  muscle  is  called  the  epimysium 
(Fig.  2-18).  See  also  page  525. 

Generally  speaking,  Unstriated  or  smooth  muscle  fibers  arc 
shorter  than  the  striated  variety,  and  are  usually  spindlc-.shaped, 
i.e.,  thicker  in  the  middle  than  at  the  ends;  they  do  not  possess 
a  sarcolemma;  the  nucleus  is  more  centrally  situated,  an«d  the 
myofibrils  are  few  and  inconspicuous.  They  show  no  regular 
cross  markings  (Fig.  2-19). 

The  connective  tissues.  Connective  tissue  serves  as  a  con¬ 
necting  and  supporting  material.  It  binds  together  masses  of 
other  types  of  cell,  and  forms  a  supporting  framework  for 
various  organs.  Thus,  it  holds  bundles  of  muscle  fibers  to¬ 
gether,  forms  fibrous  investments  (capsules)  for  the  kidney, 
liver,  etc.,  and  enters  largely  into  the  composition  of  the  deeper 
layers  of  the  skin.  It  also  serves  to  fill  in  Spaces  between  neigh¬ 
boring  organs  and  parts,  and  replaces  tissue  which  has  been 
destroyed  by  injury  or  disease  (scar  tissue).  Connective  tissue 
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proper  consists  of  a  mass  of  long  slender  fibers  embedded  in 
a  homogeneous  jelly-like  matrix  or  ground  substance.  The 
ground  substance  predominates,  cells  being  relatively  few. 
The  fibers  are  the  elongated  bodies  or  the  long  processes  of 
the  cells;  nuclei  are  therefore  sparsely  scattered  throughout  the 
tissue.  In  many  types  of  connective  tissue  the  fibers  possess 
elastic  properties,  due  to  the  presence  of  a  protein  known  as 


Fig.  2-20  Areolar  tissue;  c,  connective  tissue  fibers;  d,  macrophages  of 
reticulo-endothelial  system;  e,  elastic  fibers;  f,  fat  cells;  h,  connective  tis¬ 
sue  cell  (fibroblast);  I,  lymphocyte;  p,  neutrophil  leucocyte. 


elastin.  In  some  regions,  such  as  in  the  walls  of  the  trachea 
and  bronchioles,  in  the  larynx,  in  the  deeper  layers  of  the  skin, 
and  in  certain  ligaments  of  the  spinal  column,  the  connective 
tissue  is  dense,  and  composed  largely  of  elastic  fibers.  The  ten¬ 
dons  of  muscles,  the  ligaments  of  the  majority  of  the  joints, 
and  the  membranous  coverings  of  the  internal  organs  are  com¬ 
posed  of  bundles  of  strong,  tough  fibers  which,  though  pos¬ 
sessing  little  or  no  elastic  property,  are  highly  flexible.  These 
fibers  contain  a  protein  known  as  collagen,  and  are  therefore 
spoken  of  as  the  collagenous  type  of  connective  tissue  fiber. 

Areolar  tissue  is  the  most  generalized  and  widely  distributed 
form  of  connective  tissue.  It  is  loose  in  texture  and  composed 
of  an  interlacement  of  collagenous  and  elastic  fibers  running 
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in  all  directions,  a  gelatinous  ground  substance,  and  a  variable 
number  of  cells  of  different  types  scattered  throughout.  The 
meshes  (areolae)  between  the  fibers  have  suggested  the  name 
for  this  type  of  tissue.  Areolar  tissue  is  found  beneath  the  skin 
(subcutaneous  tissue),  filling  the  spaces  between  muscles  and 
the  internal  organs,  and  ensheathing  the  blood  vessels. 

The  typical  cell  of  the  connective  tissues  is  the  fibroblast. 
From  these  the  numerous  fibers  are  derived.  The  fibroblast 
is  a  long,  flat,  spindle-shaped  cell  with  elongated  processes  or 


Fig.  2-21  Fibrous  connective  tissue  in  tendon. 


fibers.  In  tendons,  membranes,  ligaments,  etc.,  nuclei  arc  rela¬ 
tively  scarce,  the  substance  of  the  tendon,  membrane,  or  liga¬ 
ment  being  composed  almost  entirely  of  fibers.  Areolar  tissue 
is  much  more  cellular  and  contains  leucocytes,  fat  cells,  and 
various  reticulo-endothelial  elements  (p.  97),  as  well  as  the 
fibroblasts  just  mentioned  (Figs.  2-20  and  2-21). 

Adipose  or  fatty  tissue  is  a  modified  connective  tissue.  Cer¬ 
tain  cells  of  areolar  tissue  have  the  special  ability  to  withdraw 
fat  from  the  blood  stream  and  deposit  it  within  their  bodies. 
The  fat  collects  within  the  cytoplasm  as  a  droplet  which  gradu¬ 
ally  increases  in  size  until  it  occupies  most  of  the  cell,  the  origi¬ 
nal  cytoplasm  and  the  nucleus  being  displaced  to  the  periphery 
and  flattened  against  the  cell  membrane  (Fig.  2-22).  Adipose 
tissue  consists  of  a  mass  of  such  fat-laden  cells.  Other  cells  of 
the  areolar  tissue  have  been  crowded  out  while  the  fibers  have 
largely  disappeared.  When  the  bo3y)loscs  weight,  fatty  tissue 
is  one  of  the  first  to  become  reduced.  Vhe  fat  cells  undergo  a 
transformation.  The  fat  droplets  disappear;  the  cells  shrink 
and,  developing  elongated  processes,  assume  the  appearance  of 
fibroblasts.  Adipose  tissue  is  developed  chiefly  in  subcutane- 
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ous  situations  and  in  the  areolar  tissue  in  relation  to  the  ab¬ 
dominal  organs. 

Cartilage  or  gristle  is  also  a  modified  connective  tissue. 
There  are  three  main  types,  hyaline  (glass-li/^e)  cartilage, 
elastic  cartilage  and  fibrocartilage. 

Hyaline  cartilage  is  translucent  and  of  a  bluish  white  color. 
It  consists  of  large  spherical  or  oval  cells  embedded  in  a  nearly 


Fig.  2-22  Adipose  (fatty)  tissue. 

homogeneous  ground  substance.  The  cells  are  frequently 
found  in  pairs  or  groups  and  are  then  flattened  where  they  are 
in  contact  with  one  another  (Fig.  2-23).  A  narrow  zone  imme¬ 
diately  surrounding  the  cartilage  cells  stains  more  deeply  and 
is  thus  marked  off,  though  not  very  sharply,  from  the  rest  of 
the  ground  substance.  It  is  referred  to  as  the  capsule.  Hyaline 
cartilage  is  found  covering  the  ends  of  the  bones  inside  joints 
(articular  cartilage),  between  the  anterior  ends  of  the  ribs  and 
the  breastbone  or  sternum  (costal-cartilages),  and  in  the  nose, 
trachea,  and  bronchi.  The  greater  part  of  the  skeleton  of  the 
embryo  is  first  laid  down  in  cartilage  which  undergoes  gradual 
conversion  into  bone  (ossification)  during  the  development  of 
the  embryo  and  throughout  the  growth  period  of  the  young 
animal  after  birth.  The  process  of  ossification  is  not  complete 
in  the  human  subject  until  adult  life. 
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Elastic  cartilage  is  yellow  in  color.  It  contains  the  same 
type  of  cell  as  that  seen  in  hyaline  cartilage,  but  the  ground 
substance  is  not  homogeneous,  being  reinforced  by  numerous 
elastic  fibers.  This  type  of  cartilage  is  found  in  the  external 
ear,  epiglottis  and  Eustachian  tube. 

Fibrocartilage  is  tough  and  dense.  Its  ground  substance  con¬ 
tains  bundles  of  collagenous  fibers.  This  type  is  considered  to 

hold  a  transitional  position 
between  hyaline  cartilage 
and  the  dense  connective 
tissue  constituting  liga¬ 
ments  and  tendons.  It  is 
found  in  the  form  of  discs 
between  the  vertebrae  (in¬ 
tervertebral  discs)  and  in 
the  shoulder,  knee,  and 
hip  joints.  In  each  of  the 
latter  three  situations  it 
forms  a  rim  to  the  articu¬ 
lar  cartilage,  thus  serving 
to  deepen  the  joint  socket. 
Bone  or  osseous  tissue 
contains  a  large  proportion  of  mineral  matter,  chiefly  calcium 
and  phosphorus  (as  tricalcium  phosphate  and  calcium  carbon¬ 
ate),  but,  also,  smaller  amounts  of  magnesium  anti  traces  of 
fluorine,  chlorine  and  iron.  Some  bones,  e.g.,  those  of  the 
limbs,  are  developed  by  the  deposition  of  minerals  in  cartilage. 
Others,  e.g.,  the  bones  of  the  cranium,  arc  formed  by  the  miner¬ 
alization  of  membranous  tissue. 

Two  types  of  osseous  tissue  enter  into  the  construction  of  the 
long  bones  of  the  limbs.  The  shaft  or  diaphysis  of  a  limb 
bone  consists  of  a  tube  of  hard  compact  bone,  while  the  ends 
or  epiphyses  are  composed  of  cancellous  or  spongy  bone,  cov¬ 
ered  by  a  shell  of  compact  bone. 

A  section  of  compact  bone  from  the  shaft  of  the  femur 
(thigh  bone)  is  shown  in  Figure  2-24.  The  heavily  mineral¬ 
ized  substance  is  laid  down  in  a  series  of  concentric  plates  or 


Fig.  2-23  Showing  a  sec¬ 
tion  of  hyaline  cartilage. 
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lamellae  around  narrow  channels,  called  Haversian  canals. 
The  latter  run  for  the  most  part  parallel  to  the  long  axis  of  the 
bone;  they  contain  blood  vessels,  nerves  and  soft  connective 
tissue.  The  bone  cells  or  osteocytes,  which  have  oval  bodies 
and  numerous  fiber-like  processes,  lie  in  small  cavities — How- 
ship’s  lacunae  —  between  the  lamellae.  Fine  canals  leading 
from  the  lacunae  lodge  the  processes  of  the  osteocytes.  The 


Fig.  2-24  A,  Section  of  osseous  tissue  from  the  shaft  of  a  leg  bone, 
showing  Haversian  canals  with  concentric  lamellae;  B,  enlarged  draw¬ 
ing  of  a  bone  cell 


canals  of  neighboring  lacunae  communicate  with  one  another. 
The  bony  lamellae  are  thus  pierced  in  all  directions  by  a  sys¬ 
tem  of  fine  interconnected  channels.  The  hollow  center  of  the 
shaft  of  the  bone  is  filled  with  a  soft,  fatty  material  called  the 
yellow  marrow. 

The  osteocytes  are  of  two  types  —  osteoblasts  and  osteoclasts. 
Through  the  activity  of  the  former  type  osseous  tissue  is 
formed  and  molded  into  the  growing  bone.  The  osteoclasts 
are  responsible  for  the  absorption  of  bony  tissue.  Thus,  by  the 
properly  balanced  actions  of  these  two  types  of  bone  cell  the 
growing  bone  is  sculptured  into  its  characteristic  structure  and 
shape. 

Cancellous  bone  is  made  up  of  slender  bars  of  osseous  tissue 
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Fig.  2-25  Section  tfirough 
the  upper  end  of  the  anii 
bone  (humerous)  to  show 
spongy  osseous  tissue  with 
red  marrow  in  spaces  be¬ 
tween  trabeculae. 
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Fig.  2-26  Showing  a  section  of  red  bone  marrow.  EO,  eosinophil  leu¬ 
cocyte;  ER,  erythrocyte;  LY,  lymphocyte;  ME,  megakaryocyte;  NE, 
neutrophil  leucocyte;  NO,  normoblast;  NU,  extruded  nucleus  from 
normoblast;  PR,  primitive  erythrocyte;  PL,  primitive  leucocyte;  R,  re¬ 
ticulocyte;  RE,  reticulocyte  with  extruded  nucleus;  HE,  earliest  stage  in 
development  of  the  blood  cells ancestor  of  both  red  cells  and  granu¬ 
locytes  (hemocytoblast). 
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called  trabeculae  which  interlace  with  one  another  (Fig.  2-25), 
and  give  a  sponge-like  pattern  to  the  bony  structure.  The 
spaces  between  the  trabeculae  are  filled  with  a  soft,  dark  red  tis¬ 
sue  called  the  red  marrow  which  is  responsible  for  the  manufac¬ 
ture  of  red  blood  cells,  granular  leucocytes,  and  probably  also,  of 
the  blood  platelets  (Fig.  2-26).  This  substance  consists  of  a 
mass  of  immature  red  blood  cells  and  granular  leucocytes  in 
the  later  stages  of  their  development,  as  well  as  the  forerunners 
of  the  platelets  —  the  megacaryocytes  (Chapter  3)  and  a  few 
mature  erythrocytes  and  leucocytes.  The  ribs  and  bodies  of  the 
vertebrae  as  well  as  the  ends  of  the  long  bones  are  composed 
of  cancellous  bone  covered  by  a  thin  layer  of  compact  bone. 
In  the  cranial  bones,  the  spongy  bone  is  also  found  sandwiched 
between  two  layers  of  dense  bone. 


Chapter  3 

THE  BLOOD,  LYMPH, 

AND  TISSUE  FLUIDS;  THE 
SPLEEN  AND  THE  RETICULO¬ 
ENDOTHELIAL  SYSTEM 

The  blood  and  tissue  fluids  of  multicellular  animals  perform 
those  functions  which  for  unicellular  forms  are  carried  out 
through  the  medium  of  their  watery  environment.  Thus,  the 
ameba  receives  its  oxygen  through  diffusion  from  the  surround¬ 
ing  water.  Carbon  dioxide  produced  within  the  cell  diffuses 
outward  through  the  cell  membrane.  Respiration,  the  absorp¬ 
tion  of  oxygen  and  the  elimination  of  carbon  dioxide,  is  there¬ 
fore  a  relatively  simple  process  for  the  ameba.  The  processes  of 
nutrition  and  excretion  are  accomplished  in  a  manner  equally 
primitive.  Food  materials  pass  through  the  cell  membrane 
either  in  solution  or  as  fine  particles,  and  waste  products  pass 
into  the  surrounding  medium.  Other  requirements  of  the  uni¬ 
cellular  organism,  such  as  the  maintenance  of  an  optimum 
temperature  and  the  proper  degree  of  moisture,  are  dependent 
upon  the  immediate  environment. 

The  elemental  needs  of  each  cell  in  a  multicellular  form, 
from  the  most  primitive  type  to  the  highest  vertebrate,  arc  the 
same  as  mose  of  the  unicellular  organism;  yet  in  the  evolu¬ 
tion  of  higher  forms,  the  cells  constituting  their  bodies  have 
become  far  removed  from  immediate  contact  with  the  out¬ 
side  world.  No  longer  can  the  exchange  of  respiratory  gases, 
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the  acquisition  of  nutriment,  and  the  excretion  of  waste  prod¬ 
ucts  be  carried  out  in  the  direct  and  simple  manner  prac¬ 
ticed  by  the  unicellular  forms.  The  more  primitive  of  the 
multicellular  types  overcame  the  difl&culty  by  the  development 
of  canal  systems  which  opened  upon  their  exteriors  and 
through  which  the  water  flowed  freely,  in  and  out,  bringing 
oxygen  and  nutriment  to  the  more  deeply  lying  cells  and  bear¬ 
ing  carbon  dioxide  and  other  excretory  products  away.  This, 
the  first  attempt  at  a  circulation,  was  an  open  one.  As  higher 
forms  evolved  the  circulation  became  closed  —  the  waters  of 
the  environment  no  longer  flowed  through  the  body.  Yet,  the 
vessels  of  this  closed  circulatory  system  were  filled  with  a  liq¬ 
uid  which  took  the  place  of,  and  fulfilled  the  duties  of  the 
watery  environment  of  the  more  primitive  types.  The  blood 
and  other  body  fluids  may  be  looked  upon  as  that  environ¬ 
ment  which  has  been  enclosed  within  the  bodies  of  the  higher 
forms,  but  which  has  undergone  certain  modifications  in  com¬ 
position  to  meet  the  requirements  of  the  more  specialized  cells 
of  various  types  of  which  their  bodies  are  composed. 

In  health  the  chemical  constitutions  of  the  blood,  and  body 
fluids  generally,  vary  with  respect  to  both  gases  and  solids  in 
solution,  within  but  very  narrow  limits.  The  mechanisms 
maintaining  this  relative  constancy  —  the  chief  of  which  are 
the  lungs,  kidneys,  skin,  bowels,  and  ductless  (endocrine)  ^ 
glands  —  interact  in  the  most  complex  manner  and  carry  out 
their  functions  with  the  greatest  precision.  They  respond  with 
the  utmost  delicacy  to  any  condition  which  might  tend  to 
cause  any  departure  from  the  normal  state.  This  relatively 
unvarying  composition  of  the  internal  environment  has  been 
named  homeostasis  by  the  late  Professor  Cannon  of  Harvard. 

Functions  of  blood  and  body  fluids.  The  functions  of  the 
blood  and  body  fluids  are  summarized  as  follows: 

1.  Respiratory.  The  transport  of  oxygen  from  the  air  in 
the  lungs  to  the  tissues,  and  of  carbon  dioxide  from  the  tissues 
to  the  lungs. 

2.  Nutritive.  The  conveyance  of  food  materials,  glucose, 
amino-acids,  and  fats  from  the  alimentary  canal  to  the  tissues. 
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3.  Excretory.  The  removal  of  the  waste  products  of  metab¬ 
olism,  e.g.,  urea,  xiric  acid,  creatinine,  etc. 

4.  The  maintenance  of  the  water  content  of  the  tissues. 
Though  the  blood  itself  is  contained  within  definite  channels 
. — arteries,  capillaries,  and  veins  (p.  128) — a  constant  inter¬ 
change  of  fluid  through  the  walls  of  the  blood  vessels  takes 
place  (p.  65).  It  is  this  fluid  lying  outside  the  blood  vessels 
—  the  interstitial  ox  tissue  fluid  — anA  not  the  blood  itself 
which  comes  into  actual  contact  with  the  cells  of  the  solid  tis¬ 
sues.  Such  fluid  is  comparable  to  the  watery  environment  of 
unicellular  forms  of  life  and  may  be  rightly  looked  upon  as 
the  cellular  or  internal  environment  of  higher  forms  or,  as  the 
great  French  physiologist  of  the  nineteenth  century,  Claude 
Bernard,  termed  it,  the  milieu  interne.  Interstitial  fluid  closely 
resembles  the  blood  plasma  in  composition  and  is  identical  in 
this  respect  to  lymph  (p.  102).  Through  the  medium  of  the 
interstitial  fluid,  the  final  stage  in  the  passage  of  oxygen  and 
food  material  to  the  cells,  and  the  first  stage  of  the  journey  of 
carbon  dioxide  from  the  tissues  to  the  lungs  and  of  other  waste 
products  to  the  kidneys,  is  made. 

5.  To  regulate  the  body  temperature  (see  p.  411). 

6.  Protective  and  regulative.  The  blood,  tissue  fluids  and 
lymph  contain  certain  chemical  substances  of  a  complex  na¬ 
ture,  antitoxins,  lysins  and  other  antibodies  which  are  the  basis 
of  the  body’s  defense  against  bacteria  and  injurious  agents  of 
various  kinds.  The  blood  is  also  the  vehicle  by  which  the 
hormones  of  the  different  ductless  glands  (Chapter  10)  are  car¬ 
ried  to  all  parts  of  the  body. 

The  distribution  of  the  body  water.  The  total  quantity  of 
water  in  the  body  is  around  70  per  cent  of  the  body’s  weigh}:. 
Part  of  this  water,  about  20  per  cent  of  the  body  weight,  lies 
outside,  cells  and  is  therefore  called  extracellular  water.  It 
comprises  the  water  of  the  blood  plasma,  of  the  lymph,  of  the 
interstitial  or  tissue  fluid,  and  the  small  amounts  of  fluid  in 
the  pleural  and  abdominal  cavities  and  in  the  pericardial  sac 
(p.  122).  The  water  within  the  tissue  cells,  the  intracellular 
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water,  is  much  more  abundant,  amounting  to  about  50  per  cent 
of  the  weight  of  the  body. 

The  water  content  of  the  several  types  of  tissue  are  given  in 
Table  4.  It  may  cause  some  surprise  that  the  water  content 
of  the  blood  is  no  greater  than  some  of  the  so-called  solid  tis¬ 
sues. 

TABLE  4 

Percentage  of  water  in  several  types  of  tissue 


Adipose  tissue  . 20 

Blood  (cells  65,  plasma  92)  . 80 

Bone  (marrow  free)  .  25-30 

Connective  tissue  . 60 

Kidney  .  80 

Liver  .  7° 

Muscle  (striated)  . 75 

Nervous  tissue: 

Gray  matter  .  85 

White  matter  . 7° 


In  health  the  volume  of  body  water  is  kept  remarkably  con¬ 
stant.  Any  tendency  toward  a  reduction  in  volume  arouses 
the  sensation  of  thirst,  and  a  balance  is  struck  between  the  in¬ 
take  and  the  output  of  water.  The  amount  of  water  taken 
into  the  body  daily,  or  over  any  considerable  period,  must 
equal  the  amount  lost  from  the  body,  i.e.,  the  water  output. 
Otherwise  the  body  would  lose  or  gain  weight,  the  tissues 
would  contain  less,  i.e.,  become  dehydrated,  or  more  than  the 
normal  amount  of  water. 

The  water  intake  comprises  water  drunk  as  such  or  as  other 
beverages,  as  well  as  the  water  in  semi-solid  and  solid  food.^ 
The  output  of  water  takes  place  through  the  skin,  the  expired 
air  (which  is  saturated  with  water)  and  in  the  urine  and  feces. 

^  Meats,  bres^d,  and  the  so-called  solid  foods,  other  than  those  consisting  largely 
of  fat,  actually  contain  a  large  proportion  of  water.  Lean  raw  beef  (muscle),  for 
example,  is  75  per  cent  water  before  cooking.  Even  perfectly  dry  food  furnishes 
water  to  the  body  during  its  metabolism;  its  hydrogen  being  oxidized  to  water 
(H2O).  This  is  the  water  of  metabolism  referred  to  in  Table  5. 


A  balance  sheet  of  the  intake  and  output  of  water  for  an 
kite;: and  humid.;,, 

TABLE  5 

The  water  balance 
(24  hour  period  in  cc.) 

Intake  ^ 

^  Output 

Solid  and  semi-solid  food  ....  1200  <:L-:n 

Water  of  metabolism  .  1  ptori  '' . 

Drinks  (water,  milk,  coffee,  Urfol  "^ ’  ’ 

tea,  etc  1  tJnnt  .  ,c(k, 

’  ’  . .  iioo  Feces  . 

2500 

■’  2500 

:rSS“ 

itirs  ~  FS 

Even  though  no  secret LnT  ?  ® 

being  lost  from  the  bfdy  in  this  wav  continually 

The  water  lost  throutrh  .tin  77  ^  object, 

the  temperature  and  humidity  oftheaf  e  ^  Tf 
curs  in  a  hot,  dry  atmosphere^  A  nV 
evaporation  from  the  bodv  surfa  a  ^  humidity  reduces 

amount  of  wator  lost  in  this  way.  A  risTb  WvT”"’'  *' 
W^hetofoto,  dehythation,  unless'™ 

a  “r  ^ 
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tht  kidneys  are  the  chief  factors  concerned.  Any  tendincv 
toward  a  reduction  m  body  water  is  followed  by  a  rise  in  thi 
osmotic  pressure  of  the  blood  which  stimulates  die  output 

duced  n:  ““'put  of  urine^is 

duced,  at  the  same  time  the  sensation  of  thirst  signals  to  con 


Composition  of  the  Blood 

slu'd  Srnts-‘'if‘l/T'’n’'  “ 

1.  a  J  '  *  "'■f’xtefa.  Thourh  blood 

ts  fluid,  It  must  be  clas^d  as  a  tissue.  As  a  matter  o««  T 

oTie  yearly  higher  than  that  of  m« 

or  me  so-called  solid  tissues.  If  a  tube  is  filled  with  blood  and 
rotated  rapidly  m  an  instrument  known  as  a  centrifuge  the 
cells  are  thrown  down  to  the  bottom  of  the  tube.  The  b!^d  is 
Aus  separamd  into  two  portions -a  packed  mass  of  cells 
which  constitute  around  45  (44-47)  per  cent  of  the  volume  of 

the  specimen  ^d  an  almost  clear,  faintly  yellow  fluid  called 
he  which  makes  up  the  remaining  55  (53-56)  per 

cent.  To  obtain  a  precise  measurement  of  Ae  pop^tiL^of 

nin  instrument  called  a  heJatocrit  is  em 

ployed  (see  PI.  i  and  Fig.  2-4).  The  plasma  contains  prot^s 
a  well  as  many  organic  and  inorganic  substances  in  Xfon - 
nutritive  ^d  waste  materials,  antibodies,  hormones  and  other 

cSmtion  The  known  chemical 

Zt  IfT  is  about  1.055  - 

^at  of  plasma  about  1.027.  The  cells  of  blood  are  of  three  tvS 

the  red  corpuscles  or  erythrocytes,  the  white  cor puscllf  or 
leucMytes  and  the  platelets  or  thrombocytes. 

The  composition  of  blood  is  summarized  as  follows- 

Whole  blood 
A.  Cells: 

(1)  Red  corpuscles  or  erythrocytes 

(2)  White  corpuscles  or  leucocytes 

(3)  Platelets  or  thrombocytes 


56  THE  BLOOD,  LYMPH,  AND  TISSUE  FLUIDS 


B,  Plasma: 

(1)  Water,  90  to  92  per  cent 

(2)  Solids,  8  to  10  per  cent 

(a)  Proteins,  7  per  cent.  Serum  albumin,  serum  globulin 

and  fibrinogen. 

(b)  Inorganic  constituents,  0.9  per  cent.  Sodium,  calcium, 

potassium,  magnesium,  phosphorus,  etc.  ' 

(c)  Organic  constituents  (other  than  protein).  Nonpro¬ 
tein  nitrogenous  substances  (urea,  uric  acid,  xanthine, 

hypoxanthine,  creatine  and  creatinine,  ammonia  and 

amino-acids),  neutral  fat!!,  phospholipkls,  cholesterol, 

glucose. 

(3)  P^tpiratory  gases,  oxygen  and  carbon  dioxide. 

(4)  Internal  secretions,  antibodies  and  various  enzymes. 


The  plasma  proteins.  The  total  protein  concentration  of  the 
plasma  is  around  7  per  cent.  The  pla.sma  proteins  arc  of  three 
types— rerwwj  albumin  (4  per  cent),  serum  globulin  (2,7  per 
cent),  and  fibrinogen  (0.3  per  cent).''  The  origin  of  the  .serum 
albumin  is  not  known  with  certainty,  but  the  experimental  evi¬ 
dence  points  to  the  liver  as  the  most  probable  .source;  there  is 
little  doubt  that  fibrinogen  is  produced  in  the  liver.  The  scrum 
globulin  is  derived  from  th^mphocytes.  It  was  thought  at 
one  time  that  plasma  proteinw^ood  protein  which  was  being 
transported  from  the  digestive  tract  to  the  tissues.  It  is  now 
known,  however,  that  food  protein  is  not  absorbed  as  such,  but 
must  first  be  broken  down  into  its  constituent  amino-acids 
(P-  392). 


/  s  plasma  serve  several  important  functions. 

They  exert  an  osmotic  pressure  amounting  to  from  25  to 
30  imlluneters  of  mercury,  which  is  a  factor  of  first  importance 
m  the  regulation  of  the  blood  volume  (p.  64),  and  in  the 
^crction  of  urine  (p.  303).  (b)  They  give  viscosity  to  the 
^  ood,  and  thus  aid  to  some  degree  in  the  maintenance  of  the 
blood  pressure  (p.  156).  (c)  The  fibrinogen,  but  not  the  other 

coagulation  of  the  blood 
^^3  ^  ^  manufacture  of  immune  substances  ap- 

serum.  ‘‘‘’"““S'"  trough  cl<.Kin(;  is  clL 
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pears  to  be  associated  with  the  serum  globulin.  The  concen¬ 
tration  o£  this  protein  is  increased  during  the  process  of  im¬ 
munization. 

Most  of  the  organic  constituents  of  the  plasma  other  than 
protein  represent  waste  products  of  metabolism,  e.g.,  urea,  uric 
acid,  etc.,  together  with  nutritive  materials,  e.g.,  amino-acids, 
glucose  and  fats,  absorbed  from  the  intestinal  tract.  Of  the 
inorganic  constituents  of  plasma,  sodium  chloride  is  in  highest 
concentration.  The  plasma  also  contains  potassium,  calcium, 
magnesium,  sodium  bicarbonate  and  minute  amounts  of  iodine 
and  iron.  Phosphorus  is  present  in  both  inorganic  and  organic 
forms.  The  concentration  of  inorganic  phosphorus  is  about 
3  milligrams  and  that  of  the  organic  form  about  40  milligrams 
per  100  cc.  of  blood.  Potassium  is  in  relatively  high  concentra- 
tion  in  the  cells  of  the  blood  and  in  the  cells  of  the  solid  tissues, 
but  IS  liTIow  concentraSon  in  the  plasma  and  the  body  fluids 
generally.  §odiuni.  has  a  reverse  distribution,  being  relatively 
high  in  the  blood  plasma  ^d  the  body  fluids,  but  is  in  low 
concentration  inthe  blood  cells,  and  in  the  cells  of  the  solid  tis¬ 
sues.  In  some  species  this  mineral  is  absent  from  the  erythro¬ 
cytes  (see  Table  6). 

The  proportions  of  the  inorganic  elements  in  plasma,  Wood 
cells,  and  whole  blood  are  given  in  the  following  table.  .  The 
concentrations  of  minerals  in  blood  cells  and  plasma  may  be 
taken  as  representative  of  their  proportions  in  the  cells  and 
fluids  of  the  body  generally..  Serious  results  follow  if,  as  in 
adrenal  insufficiency ,(p.  466),  these  relationships  are  disturbed.* 


TABLE  6 

Inorganic  constituents  of  plasma,  red  cells  and  whole  blood, 
milligrams  per  100  cc.,  average  values 


Sodium 

Potas¬ 

sium 

Cal¬ 

cium 

Magne¬ 

sium 

Chlo- 

vine 

Iodine 

Iron 

Plasma . . 

Cells . ; . . . 

Whole  blood. . 

0 

160 

20 

420 

*200 

0  {  0 

ia  ■ 

6,0 

4*0 

370^ 

0.001 

O.I 

100 

50 

190 

250 
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The  Red  Blood  Cells  or  Erythrocytes 

The  human  erythrocytes  and  those  of  most  higher  animals  are 
circular  disc-shaped  cells  possessing  no  nucleus.  They  have  a 
mean  diameter  of  7.2  microns  (0.0072  mm.),  and  a  thickness 
of  about  2.2  microns'XF^-  3"i)-  The  central  portion  of  the  cell 


0=C)'i 


Fig.  3-1  Showing  the 
diameters  of  a  red 
blood  cell. 


is  much  thinner  than  the  circumference  which,  therefore,  ap¬ 
pears  as  a  rim  around  a  central  depression.  This  construction 
gives  the  cell  a  biconcave  contour  or  a  roughly  dumb-bell  out¬ 
line  when  viewed  edgewise.  In  shed  blood  the  red  cells  show 
a  tendency  to  adhere  to  one  another  by  their  flat  surfaces. 
This  arrangement,  which  resembles  a  stack  of  coins  which  has 
toppled  over  (Fig.  3-2),  is  spoken  of  as  a  rouleau  and  the  proc- 


Fig.  3-2  Showing  eryth¬ 
rocytes  in  rouleaux. 


ess  zs  rouleaux  formation.  The  cell  is  bounded  by  a  membrane 
composed  of  protein  in  association  with  the  lipid  materials, 
lecithin  and  cholesterol.  The  red  cell  has  two  chief  functions, 
to  c^y  oxygen  from  the  lungs  to  the  capillaries  (p.  270)  of  the 
various  tissues  and,  mainly  in  an  indirect  way,  to  transport 
carbon  dioxide  from  the  tissues  to  the  lungs  (pp.  271  and  272) 
The  ability  of  the  cell  to  carry  oxygen  is  dependent  upon  it 
containing  a  remarkable  pigment  called  hemoglobin  (p.  68) 
It  is  to  this  pigment  that  the  characteristic  color  of  blood  is  due. 
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Fig.  S'S  Hanocytometer 
for  counting  the  red  blood 
cells.  I,  pipette  for  dilut¬ 
ing  blood  sample;  2,  glass 
slide,  provided  with  two 
platforms  on  each  of 
which  ruled  squares  2 
marked  by  +,  and 
shown  highly  magnified 
in  4,  are  engraved.  Each 
square  has  an  area  of 
1/400  sq.mm.;  3,  slide  in 
cross  section  with  cover 
glass  in  position.  The  skin 
near  the  base  of  the  thumb 
nail  is  pricked  with  a  3 
sterile  needle  or  a  frag¬ 
ment  of  glass,  and  blood 
drawn  into  the  pipette 
as  far  as  the  mark  0.5. 

A  suitable  diluting  fluid 
is  then  sucked  up  as  far  as 
the  mark  10 1.  The  blood 
is  thoroughly  mixed  with 
the  diluting  fluid  (the 
glass  bead  in  the  dilated 
part  of  the  pipette  facili¬ 
tates  mixing);  a  drop  of 
the  blood,  thus  diluted  i 
part  in  200,  is  then  ex¬ 
pressed  on  to  the  surface 
of  each  platform  of  the  glass  slide  and  a  cover  glass  laid  on.  A  trench 
bounding  each  platform  on  three  sides  provides  for  any  overflow.  The 
depth  of  the  film  of  diluted  blood  between  a  platform  and  a  cover 
glass  is  i/io,  mm.  The  volume  of  diluted  blood  marked  off  by  one 
square  is  therefore  1/4000  cu.mm.  The  blood  cells  in  a  number  of 
squares  are  counted  and  the  average  taken.  The  concentration  of  cells 
in  cubic  millimeter  of  blood  is  then  readily  calculated.  If  the  average 
number  of  cells  in  each  square  is  7,  then  the  total  number  in  a  cubic 
millimeter  is — 

4000  X  7  X  200  =  5,600,000 
(cu.mm.  (average  (dilu-  (cells  per 

fluid  over  cells  tion)  cu.mm.) 

I  square)  per  square) 

The  white  cells  are  counted  in  a  similar  manner,  but  the  blood  is 
diluted  I  in  20  by  a  fluid  which  destroys  the  red  cells;  a  similar  pipette 
but  with  appropriate  graduation  is  employed. 
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The  number  of  red  cells  in  a  cubic  millimeter  of  blood  is 
usually  stated  to  be  4,500,000  for  women  and  5,000,000  for  men. 
As  a  matter  of  fact  the  values  in  health  are  somewhat  higher 
than  thesci  in  a  robust  young  male  6,000,000  is  not  an  un¬ 
usual  figure./  The  number  shows  some  slight  variation  during 
the  twenty-four  hours,  being  lowest  in  the  early  morning,  but 
increasing  gradually  throughout  the  day]  The  number  of  red 
cells  is  somewhat  higher  (by  half  a  million  or  so  per  cubic  mil¬ 
limeter)  in  new-born  infants  than  in  older  children  or  adults. 

The  number  of  red  cells  in  a  cubic  millimeter  of  a  given 
specimen  of  blood  is  determined  by  counting  the  cells  beneath 
the  microscope.  The  instrument  used  for  such  a  purpose  is 
called  a  hemocytometer  (see  Fig.  3-3).  The  actual  procedure 
followed  in  the  enumeration  of  the  red  and  white  cells  is  de¬ 
scribed  in  the  legend.  Knowing  the  number  of  red  cells  per 
cubic  millimeter  (i.e.,  their  concentration)  as  well  as  the  quan¬ 
tity  of  blood  in  the  body  (p.  63),  an  approximate  estimate  of 
the  total  number  of  cells  in  the  circulation  may  be  arrived  at. 
The  figure  is  about  thirty-five  trillion  (35,000,000,000,000). 

Variations  in  the  number  of  red  cells.  The  red  cell  count 
(i.e.,  the  number  of  red  cells  in  each  cubic  millimeter  of  the 
blood)  is  increased  (a)  during  muscular  exercise,  (b)  at  high 
altitudes,  and  (c)  as  a  result  of  a  rise  in  environmental  tem¬ 
perature.  (d)  A  loss  of  water  from  the  blood  (anhydremia, 
p.  86)  Aough,  obviously,  not  increasing  the  total  number  of 
circulating  cells,  will  raise  their  concentration,  and,  therefore, 
increase  the  red  cell  count. 

The  rise  in  the  red  cell  concentration  which  occurs  during 
muscular  exercise,  and  at  high  environmental  temperatures,  is 
due  mainly  to  contraction  of  the  spleen  which  serves  as  a  reser¬ 
voir  for  red  cells  (p.  100).  Contraction  of  the  spleen  also  oc¬ 
curs  when  a  person  breathes  rarefied  air  (i.e.,  air  having  a  low 
pressure  of  oxygen)  either  in  a  closed  chamber,  in  which  the 
atmospheric  pressure  is  reduced  artificially,  or  in  airplane  .or 
mountain  ascents.  An  extra  supply  of  red  cells  is  thus  dis¬ 
charged  into  the  circulation.  If  the  breathing  of  rarefied  air 
IS  contmued  over  a  long  period,  as  by  those  living  in  moun- 
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tainous  regions,  the  red  bone  marrow  —  the  tissue  wherein 
the  red  cells  are  manufactured  (p.  49)  —  is  stimulated,  its 
bulk  is  considerably  increased  and  the  red  cell  count  is  perma¬ 
nently  raised.  A  count  of  8,000,000  is  not  unusual  in  moun¬ 


tain  -dwellers.  When  the  red  bone  marrow  is  suddenly  stim¬ 
ulated  by  a  low  oxygen  tension,  as  when  a  person  who  has 
been  accustomed  to  live  at  a  low  altitude,  ascends  to  a  great 
height  (over  10,000  feet),  the  cells  that  are  discharged  into  the 
general  circulation  are  in  a  somewhat  immature  stage  of  their 
development.  These  cells  which  normally  arc  less  than  i  per 
cent  of  the  red  cells  in  the  general  blood  stream,  may -increase 
to  constitute  5  per  cent  or  more  of  the  total  number  of  red  cells. 
These  slightly  immature  cells  are  known  as  reticulated  cells  or 
rer/cw/oi-yrer  (p.  71,  see  also  PI.  I  and  Fig.  3-4). 

Blood  whose  concentration  in  red  cells  has  been  raised,  cither 
by  contraction  of  the  spleen  or  by  the  greater  manufacture  and 
discharge  of  corpuscles  from  the  red  bone  marrow,  is  capable  of 
carrying  a  greater  load  of  oxygen  from  the  lungs  to  the  tissues. 
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This  is  a  distinct  advantage  during  muscular  exercise,  or  when 
Ae  pressure  of  oxygen  in  the  atmosphere  is  low.  In  the  latter 
instance  the  high  red  cell  count  helps  to  compensate  for  the 
low  oxygen  pressure  of  the -atmosphere. 

When  the  temperature  of  the  environment  is  raised,  the  dis¬ 
charge  of  blood  from  the  spleen  serves  the  useful  purpose, 
through  augmenting  the  volume  of  circulating  blood,  of  in¬ 
creasing  the  capacity  of  the  body’s  heat  radiating  system,  and 


3'5  Deformed  erythrocytes;  crenated  forms 
and  poikilocytes. 


thus  aiding  in  the  regulation  of  the  body  temperature  (p  41 1 
and  PI.  i).  \r  ‘t 

Abnormalities  in  the  form  and  structure  of  the  erythrocytes. 
Nucleated  cells  containing  hemoglobin  and  of  the  same  size  as 
erythrocytes  are  known  as  normoblasts  (see  p.  71)  5  they  are 
normal  constituents  of  the  red  B^^arrow,  but  are’only  seen 
m  the  general  circulation  in  anemia  or  other  abnormality  of  the 
blood.  Also,  the  presence  in  the  circulation  of  reticulocytes  per¬ 
sistently  over  I  per  cent  is  abnormal.  In  disorders  of  the  blood 
red  cel  s  m  very  early  stages  of  their  development  and  contain- 
mg  httle  or  no  hemoglobin  appear  in  the  circulation,  as  well  as 
deformed  erythrocytes  known  as  poikilocytes.  These  latter  in¬ 
clude  mulberry,  shrunken,  hour-glass  and  other  bizarre  shapes 
Shrinkage  of  the  erythrocytes  with  the  production  of  eminences 
on  their  surfaces,  like  the  mulberry  forms  just  mentioned,  can 
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be  induced  by  immersing  the  cells  in  a  hypertonic  saline  solu¬ 
tion  (p.  68),  when,  as  a  result  of  the  higher  salt  concentration 
in  the  surrounding  fluid  as  compared  with  that  inside  the  cell, 
osmotic  force  causes  the  transfer  of  fluid  from  the  cell.  Such 
shrinkage  and  deformation  of  the  cell  is  called  crenation  (Fig. 
3-5);  the  process  whereby  it  is  produced  is  the  reverse  of  that 
causing  hemolysis  (see  p.  87). 

Cells  below  or  above  the  normal  size  are  characteristic  of 
certain  anemias  (p.  74). 

The  Volume  of  the  Blood 

The  total  quantity  of  blood  in  the  body  of  an  average  sized 
man  (70  kilograrhs)  is  around  6  liters  (over  5  quarts),  or  about 
i/iith  of  the  total  weight  of  the  body.  It  can  be  measured  in 
the  living  subject  by  injecting  a  solution  of  a  harmless  dye  into 
a  vein.  Vital  red  is  the  dye  most  commonly  used  for  this  pur¬ 
pose.  A  couple  of  minutes  after  its  injection  the  dye  becomes 
thoroughly  mixed  with  the  circulating  blood.  A  sample  of 
blood  is  then  withdrawn  from  a  vein  by  means  of  a  syringe, 
and  the  plasma  separated  from  the  cells  by  centrifuging.  The 
plasma,  which  is  now  colored  pink  by  the  dye,  is  compared 
with  a  standard  solution  containing  the  dye  in  known  dilution. 
The  extent  to  which  the  sample  of  injected  dye  has  been  di¬ 
luted  in  the  blood  stream  is  thus  arrived  at.  From  this  the 
total  volume  of  the  plasma  is  calculated.  But  it  is  desired  to 
know  the  volume  of  the  whole  blood,  i.e.,  of  cells  and  plasma. 
The  next  step  is,  therefore,  to  determine  the  proportion  of  cells 
to  plasma  in  a  sample  of  the  subject’s  blood.  This  is  done  by 
centrifuging  a  sample  of  blood  in  an  instrument  known  as  an 
hematocrit  {steVig.  7,-6).  If  the  blood  has  the  normal  propor¬ 
tions  of  cells  and  plasma,  namely,  45  per  cent  and  55  per  cent, 
respectively,  and  the  volume  of  the  plasma  as  indicated  by  the 
dilution  of  the  dye  in  the  circulation  is  3.4  liters  (3400  cc.),  then 
the  total  blood  volume  is  X  100  =  6.1  liters. 

Regulation  of  the  blood  volume.  The  passage  of  materials 
through  membranes.  The  volume  of  the  blood  in  health  re- 
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mains  remarkably  constant.  There  are  two  main  factors  in  its 
regulation,  (a)  the  osmotic  pressure  of  the  proteins  of  the 
plasma  and  tissue  fluids,  and  (b)  the  hydraulic  or  hydrostatic 
pressure  of  the  blood  in  the  capillaries  and  of  the  fluids  sur¬ 
rounding  them. 

Osmotic  pressure  may  be  best  explained  by  citing  an  ex¬ 
ample.  If  an  aqueous  solution  of  sugar  or  salt  be  placed  in  a 
small  closed  sac  made  of  parchment,  cellophane,  or  sausage 


Fig.  3-6  Hematocrit.  Blood  to  which  sodium  oxalate  or  other  anti¬ 
coagulant  agent  has  been  added,  is  drawn  into  the  graduated  tubes 
which  are  then  placed  in  the  holder  and  rotated  in  a  centrifuge  at  a 
rate  of  3000  revlutions  per  minute.  The  blood  is  thus  separated  into  a 
red  (cells)  and  a  straw-colored  portion  (plasma),  the  proportions  of 
each  being  easily  determined  by  means  of  the  graduations  on  the  tubes. 

skin,  and  immersed  in  water,  and  the  membrane  is  permeable 
to  water,  but  impermeable  to  the  molecules  of  the  dissolved 
substance,  then  water  will  pass  into  the  sac,  but  the  sugar  or 
salt  molecules  will  not  pass  out.  The  pressure  within  the  sac 
therefore  rises;  the  walls  of  the  sac  become  distended  and  may 
rupture.  The  force  created  in  this  way  is  spoken  of  as  the  os¬ 
motic  pressure.  The  dissolved  material  appears  to  “  attract  ” 
or  “  draw  ”  the  water  through  the  membrane.  A  membrane 
which  permits  the  passage  of  water,  but  bars  the  passage  of 
some  water-soluble  substance  is  said  to  be  semipermeable  with 
respect  to  that  substance  (Fig.  3-7).  Now,  the  membrane 
forming  the  walls  of  the  capillaries  (which  connect  the  small 
vessels  on  the  arterial  side  of  the  circulatid^  with  the  small 
veins,  see  p.  132)  is  semipermeable  only  in  so  far  as  the  plasma 
proteins  are  concerned.  It  permits  the  passage  of  water  and  the 
relatively  small  molecules  of  sugar,  urea,  sodium  chloride  and 
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Other  crystalloids,  but  hinders  the  passage  of  the  relatively  very 
large  molecules  of  the  plasma  proteins.  Only  very  small  quan¬ 
tities  of  the  latter  pass  through  the  capillary  wall.  The  pro¬ 
teins  of  the  plasma,  therefore,  exert  a  force  which  “  draws  ” 
water  from  the  surrounding  tissue  spaces,  and  tends  to  prevent 
the  passage  of  water  out  of  the  vessels.  The  osmotic  force  thus 


Fig.  3-7  Diagram  illus¬ 
trating  osmotic  pressure. 

A  sac  formed  of  a  semi- 
permeable  membrane  is 
fastened  to  one  end  of  a 
tube.  The  large  dots  rep¬ 
resent  sugar  molecules,  the 
small  ones,  water  mole¬ 
cules.  Water  passes 
through  the  pores  of  the 
membrane  as  indicated  by 
the  arrow.  The  pressure 
within  the  sac  rises  as 
shown  by  the  height  of 
the  fluid  column  in  the 
glass  tube. 

exerted  by  the  proteins  of  the  plasma  equals  a  pressure  of  from 
25  to  30  millimeters  of  mercury  (mm.  Hg).  In  order  to  over¬ 
come  this  osmotic  pressure,  and  drive  water  and  dissolved  salts 
through  the  capillary  wall,  an  opposing  hydraulic  pressure 
must  be  applied.  This  is  provided  by  the  pressure  of  blood  in 
the  capillaries.  The  capillary  blood  pressure  must,  of  course, 
be  greater  than  the  protein  osmotic  pressure.  Such  a  relation¬ 
ship  between  osmotic  and  hydraulic  pressures  exists  at  the  ar¬ 
terial  end  of  the  capillary.  But  a  gradual  fall  in  blood  pressure 
occurs  from  the  arterial  end  where  it  amounts  to  a  little  over 
30  mm.  Hg,  to  the  venous  end  where  it  is  around  12  mm.  Hg. 
In  the  venous  end  of  the  capillary  the  osmotic  pressure,  there¬ 
fore,  exceeds  the  hydraulic  pressure  by  several  millimeters  of 
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mercury,  and  fluid  is  “  drawn  ”  back  into  the  vessels  (Fig. 
3-8).  Thus,  through  the  passage  of  fluid  from  one  part  of  the 
capillary  and  its  return  to  the  circulation  at  another  part,  oxy¬ 
gen  and  nutritive  materials  are  conveyed  from  the  blood  to  the 
tissue  cells,  and  carbon  dioxide  and  other  tvaste  products  from 
the  cells  to  the  blood.  The  osmotic  and  hydrostatic  pressures  of 
the  tissue  fluids  surrounding  the  capillaries  are  also  factors  which 

must  be  considered  in 
the  transference  of  fluid 
across  the  capillary 
membrane.  The  os¬ 
motic  pressure  of  these 
fluids  serves  to  counter¬ 
act  in  part  the  osmotic 
pressure  of  the  plasma. 
These  fluids  also  exert 
a  certain,  though  small, 
hydrostatic  pressure 
which  offsets  somewhat 
the  driving  force  of  the 
capillary  blood  pres¬ 
sure. 

In  order  to  visualize 
the  passage  of  mole¬ 
cules  or  ions  through  a  membrane,  which  appears  to  be  a  con¬ 
tinuous  sheet,  it  is  supposed  that  the  membrane  is  pierced  by 
numberless  “  pores  ”  or  “  channels,”  and,  acting  like  a  sieve,  per¬ 
mits  molecules  below  a  certain  size  to  pass  but  bars  the  escape  of 
larger  particles.  Such  a  mechanical  conception,  though  it  may 
not  express  the  precise  truth,  does,  nevertheless,  explain  why  a 
membrane,  such  as  that  forming  the  capillary  walls,  permits  the 
free  escape  of  the  small  molecules  of  water,  sugar,  sodium  chlo¬ 
ride,  etc.,  while  barring  the  transmission  of  the  much  larger 
molecules  of  the  plasma  proteins  (see  Fig.  3-9).  When,  how¬ 
ever,  we  come  to  consider  other  membranes,  such  as  that  envel¬ 
oping  the  erythrocyte,  any  structure  of  a  sieve-like  nature  fails 
to  explain  the  free  passage  of  some  ions  and  the  barring  of  other 
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Fi§.  3-8  Illustrating  the 
exchange  of  fluid  between 
blood  capillary,  tissue 
spaces  and  lymph  vessel. 
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TABLE  7 


Blood 

Tissue  fluid 

Hydrostatic  pressure 

Hydrostatic  pressure 

30  mm.  Hg 

8  mm.  Hg 

Net  or  effective  hydrostatic  pressure 

. V..,. 

22  mm.  Hg 

-  oS - 

Osmotic  pressure 

ctl 

Osmotic  pressure 

25  mm.  Hg 

'a. 

10  mm.  Hg 

Net  or  effective  osmotic  pressure 

u 

15  mm. 


Therefore,  force  driving  fluid  from  capillaries  =  7  mm.  Hg 

smaller  ones.  With  the  exception  of  the  hydrogen  ion  the  mem¬ 
brane  of  the  red  cell  is  almost  impermeable  to  cations,  such  as 
those  of  potassium  (K'''),  sodium  (Na+)  and  calcium  (Ca"*"^). 
As  we  have  already  seen,  the  interior  of  the  blood  cells,  also  the 
tissue  cells,  are  rich  in  potassium  but  poor  or  quite  lacking  in 
sodium  or  calcium  or  in  both.  The  blood  plasma,  on  the  other 
hand,  and  the  body  fluids  generally,  have  a  relatively  high  con¬ 
centration  of  sodium  and  a  moderate  content  of  calcium.  An¬ 
ions,  such  as  HCOk~  (of  carbonic  acid)  and  Cl“,  pass  freely 
across  the  boundary  of  the  red  corpuscles.  The  membrane  thus 
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3-9  Diagram  to  illustrate  the  retention  of  large  molecules  (plasma 
proteins)  within  the  circulation,  and  the  escape  of  smaller  ones  (sodium, 
chloride,  glucose,  urea,  amino  acids,  etc.).  The  relative  dimensions  of 
the  molecules  and  of  the  blood  and  tissue  cells  are  represented  only  in 
a  very  general  way. 
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holds  potassium  within  the  cells  while  preventing  the  entrance 
of  sodium  and  calcium.  These  facts  cannot  be  explained  on  the 
basis  of  size  for  the  HCOs  ion  is  larger  presumably  than  the  po¬ 
tassium,  sodium  or  calcium  ion. 

Except  for  small  variations  which  occur  from  time  to  time 
as  a  result  of  ionic  interchanges,  the  osmotic  pressure  of  the 
plasma  and  of  the  fluid  within  the  red  cell  are  equal.  The 
contents  of  the  cell  and  the  plasma  are  in  osmotic  equilibrium, 
or  isotonic,  which  is  the  customary  term.  If  distilled  water  be 
added  to  the  plasma,  or  the  cells  be  placed  in  a  salt  solution  of 
lower  osmotic  pressure  than  that  of  the  interior  of  the  eryth¬ 
rocytes,  that  is,  the  cells  are  now  surrounded  by  a  hypotonic 
solution,  water  is  “  attracted  ”  or  “  drawn  ”  into  the  cells  which 
then  increase  in  volume  and  lose  their  hemoglobin  (p.  87). 
On  the  other  hand,  when,  as  described  elsewhere,  the  eryth¬ 
rocytes  are  immersed  in  a  fluid  with  higher  salt  concentration 
than  has  the  plasma,  that  is,  in  a  hypertonic  solution,  water 
is  lost  from  the  cells  which  become  shrunken  or  crenated 
(p.  63). 

Hemoglobin 

Hemoglobin,  the  coloring  matter  of  the  blood,  belongs  to  the 
class  of  conjugated  proteins,  its  molecule  being  composed  of  a 
pigment  group  called  heme  or  hematin  and  a  protein  known  as 
globin.  The  heme,  in  turn,  is  constituted  of  a  pure  pigment 
called  porphyrin  combined  with  iron. 

Porphyrins  are  very  widely  distributed  throughout  animal 
and  vegetable  life.  The  green  coloring  matter  of  plants,  known 
as  chlorophyl,  and  pigments  in  the  plumage  of  certain  birds  are 
porphyrin  compounds.  The  brown  pigment  in  the  shell  of  the 
hen’s  egg  is  a  porphyrin  very  closely  allied  to  the  porphyrin  in 
hemoglobin.  Porphyrins  possess  the  property  of  combining 
with  various  metals,  e.g.,  copper,  cobalt,  magnesium  (in  chloro¬ 
phyl),  silver,  nickel,  iron,  etc.  Such  compounds  are  grouped  as 
a  class  under  the  term  metalloporphyrins.  Heme  is  a  member 
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of  this  class,  the  metal  in  this  instance  being  iron.  Hemoglobin 
is  therefore  a  porpkyrin-iron-globin  compound. 

The  constitution  of  the  hemoglobin  molecule  may  be  shown 
concisely  as  follows: 

porphyrin  -f  iron  =  heme  (or  hematin) 
heme  (or  hematin)  +  globin  =  hemoglobin 

It  has  been  mentioned  that  hemoglobin  serves  as  a  carrier  of 
oxygen  frorti  the  lungs  to  the  tissues.  This  function  is  depend¬ 
ent  upon  the  unique  property  which  the  pigment  possesses 
of  forming  a  very  loose  or  unstable  compound  with  oxygen. 
The  hemoglobin  molecule  contains  4  atoms  of  iron,  each  of 
which  can  combine  with  a  molecule  of  oxygen.  But  a  true 
\oxide  of  iron  is  not  formed;  the  hemoglobin  is  therefore  said 
to  be  oxygenated,  not  oxidized. }  The  oxygenation  of  hemo¬ 
globin  may  be  represented  thus:  Hb^  +  4O2  =  Hb40s. 

The  affinity  of  hemoglobin  for  oxygen  is  remarkable.  "When 
exposed  to  air  it  combines  rapidly  with  oxygen  —  the  com¬ 
pound  being  then  called  oxyhemoglobin.  If  the  oxyhemo¬ 
globin  is  then  exposed  to  an  atmosphere  in  which  the  oxygen 
pressure  is  low,  the  compound  readily  decomposes,  oxygen  be¬ 
ing  liberated.  That  is,  the  oxyhemoglobin  is  reduced  ;  the  com¬ 
pound  is  then  called  reduced  hemoglobin.  The  ease  with 
which  hemoglobin  gives  up  its  oxygen  as  the  oxygen  pressure 
to  which  it  is  exposed  is  lowered,  shows  the  loose  way  in 
which  the  oxygen  and  iron  are  combined.  In  a  true  iron  oxide, 
as  we  know,  oxygen  is  in  firm  combination  with  the  metal  and 
is  not  released  when  the  oxide  is  exposed  to  a  low  pressure  of 
oxygen. 

The  absorption  of  oxygen  by  the  blood.  The  quantity  of 
oxygen  which  blood  will  absorb  is  some  60  times  greater  than 
that  which  can  be  absorbed  by  an  equivalent  volume  of  water. 
For  example,  if  100  cubic  centimeters  of  water  are  exposed  to 
an  atmosphere  containing  the  same  percentage  of  oxygen  as  is 
present  in  the  air  of  the  lungs,  about  one  third  of  a  cubic  centi¬ 
meter  of  the  gas  would  be  absorbed.  Yet  100  cc.  of  blood  ex¬ 
posed  to  the  same  atmosphere  will  absorb  nearly  20  cc.  of  oxy- 
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gen.  The  difference  is  due  entirely  to  the  hemoglobin.  The 
total  amount  of  blood  in  the  human  body  (5  to  6  liters)  will 
hold  from  1000  to  1200  cc.  of  oxygen.  This  quantity  of  oxy¬ 
gen  is  used  by  the  tissues  in  5  minutes  or  so  during  rest,  and  in 
a  fraction  of  a  minute  during  strenuous  muscular  exercise.  In 
the  absence  of  hemoglobin,  the  entire  duty  for  the  carriage  of 
oxygen  would  devolve  upon  the  plasma  (which  is  mostly 
water),  and  in  order  that  this  should  be  able  to  absorb  and 
carry  the  quantity  of  gas  necessary  to  satisfy  the  requirements 
of  the  tissues,  its  volume  would  have  to  be  some  60  times  greater 
than  it  is.  The  circulating  fluid  instead  of  being  5  or  6  liters, 
or  about  i/iith  of  the  body  weight,  would  need  to  be  more 
than  350  liters  —  over  5  times  the  bulk  of  the  solid  tissues ! 

The  volume  of  oxygen  which  blood  will  take  up  when  its 
hemoglobin  is  fully  saturated  is  called  the  oxygen  capacity  of 
the  blood.  As  just  mentioned,  this  depends  almost  entirely 
upon  the  hemoglobin.  The  oxygen  capacity  of  a  sample  of 
blood  is  therefore  directly  proportional  to  the  quantity  of  hemo¬ 
globin  which  it  contains.  Each  gram  of  hemoglobin  takes  up 
a  maximum  of  1.34  cc.  of  oxygen.  Now,  each  too  cubic  centi¬ 
meters  of  normal  human  blood  contains  some  15  grams  of 
hemoglobin.  So  then  (15  X  1.34=)  20  cc.  is  the  oxygen  ca¬ 
pacity  of  100  cc.  of  normal  human  blood.  If,  as  in  anemia,  the 
hemoglobin  content  is  below  normal,  the  oxygen-carrying  ca¬ 
pacity  of  the  blood  is  correspondingly  reduced.  Further  de¬ 
tails  of  the  role  played  by  hemoglobin  in  supplying  oxygen 
to  the  tissues,  i.e.,  its  respiratory  function,  will  be  given  in 
Chapter  6. 

■  •1' 

The  Formation  and  History  of  the  Red  Cells 

The  red  cells  are  manufactured  in  the  red  marrow  of  the  bones 
—  skull,  ribs,  vertebrae,  and  in  the  ends  of  the  long  bones  of 
the  limbs.  The  term  hemopoiesis  is  applied  to  the  process  of 
blood  formation,  i.e.,  to  the  production  of  all  types  of  blood 
cell.  When  it  is  wished  only  to  refer  to  the  manufacture  of 
red  cells  the  term  erythropoiesis  is  employed.  The  red  cells 
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pass  through  several  stages  of  development  before  they  are  dis¬ 
charged  from  the  marrotv  into  the  general  circulation.  At  one 
of  the  earliest  stages  leading  to  its  maturation  the  cell  is  quite 
large,  has  no  hemoglobin,  and  possesses  a  nucleus.  The  cells 
of  this  stage  are  called  megaloblasts  (Gk.  me  gas,  me  gal,  large; 
blastos,  a  germ  or  sprout).  A  little  later,  the  cell  acquires  he¬ 
moglobin,  becomes  reduced  in  size  and  is  then  called  an  eryth- 
r oblast.  The  stage  of  the  normoblast  follows  (PL  2).  The 
cell  at  this  stage  is  about  the  size  of  a  mature  red  cell;  it  con¬ 
tains  its  full  complement  of  hemoglobin,  but  still  possesses 
a  nucleus.  In  the  final  stage  of  maturation  the  nucleus  is  ex¬ 
pelled.  The  cell  is  now  called  a  reticulocyte  from  the  fact  that 
when  suitably  stained  its  cytoplasm  shows  a  fine  reticulated  or 
filigree  pattern.  Many  cells  at  this  stage  of  development,  as 
well  as  normoblasts,  may  be  seen  in  normal  red  marrow,  but 
cells  of  the  earliest  stage,  the  megaloblasts,  are  very  scarce,  and 
erythoblasts  are  not  plentiful.  The  reticulocytes  are  discharged 
into^he  general  blood  stream;  normally,  they  constitute  only 
about  0.5  per  cent  of  the  total  red  cells  in  circulation  (Fig. 
3-4,  p.  61).  As  mentioned  earlier,  when  the  bone  marrow  is 
stimulated,  as  by  the  low  oxygen  tension  of  the  atmosphere 
which  exists  at  high  altitudes,  or  by  iron  or  liver  administration 
in  anemia  (p.  76),  large  numbers  of  reticulocytes  appear  in  the 
general  circulation.  Within  a  few  hours  after  their  arrival  in 
the  general  blood  stream,  the  reticulocytes  lose  their  reticulated 
pattern  and  are  then  mature  red  cells  or  erythrocytes.  In 
health,  normoblasts,  or  any  cells  younger  than  these,  do  not 
leave  the  bone  marrow.  But  in  certain  types  of  anemia,  red 
cells  in  any  stage  of  development  may  be  found  in  the  general 
circulation. 

The  life  of  the  red  cell.  The  average  life  of  the  erythrocyte 
is  around  no  days  (100-124  days  according  to  various  esti¬ 
mates).  There  are  no  special  means  provided  for  its  destruc¬ 
tion.  It  simply  wears  out  as  a  result  of  the  stresses  and  strains 
to  which  it  is  subjected,  and  breaks  up  in  the  blood  stream. 
Small  fragments,  hemoconia  or  blood  dust  as  they  are  railed, 
may  often  be  detected  during  the  microscopic  examination  of 
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a  specimen  of  normal  blood.  The  fragments  are  finally  dis¬ 
posed  of  by  the  spleen,  which  contains  large  mobile  cells 
which  engulf  them. 

It  has  been  estimated  that  in  health  something  like  a  million 
cells  per  second  disappear  in  this  way,  and  of  course  the  same 
number  must  be  formed  afresh  by  the  bone  marrow.  The 
number  of  red  cells  in  the  body  at  any  moment,  therefore,  rep¬ 
resents  the  balance  struck  between  the  red  cell  wastage  and 
the  production  of  new  red  cells  by  the  bone  marrow. 

Factors  in  the  regeneration  of  the  blood.  The  red  cell,  as  we 
have  seen,  consists  of  a  framework  (stroma)  composed  of  pro¬ 
tein  and  lipid  materials,  and  a  complex  pigment  —  hemo¬ 
globin.  The  well-nourished  body  possesses  adequate  supplies 
of  building  materials  for  the  manufacture  of  the  cell  stroma, 
and  rarely  is  anemia  due  to  any  lack  of  the  material  required 
for  the  formation  of  this  part  of  the  cell.  Not  a  great  deal  is 
known  with  regard  to  the  mechanism  of  hemoglobin  manu¬ 
facture.  It  might  be  thought  that  green  foods,  since  they  are 
rich  in  the  pigment  chlorophyl  (which,  as  mentioned  on 
p.  68,  is  related  chemically  to  heme),  would  supply  elements 
necessary  for  hemoglobin  synthesis.  Yet  it  appears  that  chloro¬ 
phyl  is  not  utilized  to  any  important  extent  for  this  purpose. 
Nor  are  the  porphyrin  and  the  iron  in  hemoglobin  when  taken 
in  food  utilized  for  the  formation  of  hemoglobin.  The  heme 
cannot  apparently  be  split  into  its  constituents  by  the  digestive 
enzymes  (see  p.  317).  The  globin,  on  the  other  hand,  is  uti¬ 
lized  and  die  feeding  of  hemoglobin  hastens  the  regeneration 
of  blood  pigment  in  certain  forms  of  anemia.  Not  only  is  the 
iron  in  heme  unavailable  but  the  metal  in  other  organic  com¬ 
binations  is  not  utilized  or  is  utilized  very  poorly.  Iron  in  in- 
f ^1? ferrous  carbonate  or  ferrous  suIpiateYHg 
absolutely  necessary  for  normal  erythropoiesis.  A  diet  deficient  1 
in  iron  leads  to  anemia  (p.  74),  as  does  also  the  lack  of  first'  ‘ 
class  protein,  the  amino  acids  of  which  are  required  for  the 
production  of  globin.  The  porphyrin  part  of  the  hemoglobin 
molecule  (p.  69)  can  be  synthesized  by  the  body  from  sub¬ 
stances  furnished  in  the  food,  or  from  body  tissues. 
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The  ability  of  dogs  on  various  diets  to  regenerate  hemoglobin 
following  hemorrhage  was  studied  by  Dr.  Whipple  and  his 
associates  of  Rochester,  N.Y.  (see  Table  8). 


TABLE  8 

The  influence  of  diet  upon  hemoglobin  production 


Diet,  grams  daily 

Bread,  400  . 

Milk,  450,  Bread,  400  . 

Cream,  100,  Bread,  400  . 

Spinach,  200,  Bread,  300 . 

Raisins,  200,  Bread,  300  . 

Eggs,  150,  Bread,  300  . 

Chicken  gizzard,  250,  Bread,  200 
Chicken  liver,  250,  Bread,  300  . . 

Kidney,  250,  Bread,  300  . . . . 

Beef  liver,  450  . 


Hemoglobin  produced, 
grams  in  two-wee l{  period 

.  3 

.  3 

.  10 

.  15 

.  25 

.  45 

.  80 

.  80 

.  70 

.  95 


Of  all  materials  investigated,  liver  was  found  to  cause  the 
most  rapid  restoration  of  the  hemoglobin.  Kidney  and  chicken 
gizzard  were  also  highly  effective.  As  we  shall  see  presently, 
these  experiments  led  to  the  discovery  of  a  highly  effective 
means  of  treating  a  very  grave  type  of  anemia  in  the  human 
subject. 

It  has  been  discovered  within  comparatively  recent  years  that 
copper  and  cobalt,  though  not  themselves  constituents  of  the 
hemoglobin  molecule,  are  also  necessary,  in  some  unexplained 
way,  for  the  normal  synthesis  of  the  blood  pigment. 


Anemia 

When  the  concentration  of  hemoglobin  is  below  normal,  the 
condition  is  called  anemia.  There  are  several  varieties  and 
grades  of  anemia.  In  very  severe  types  the  hemoglobin  may 
be  as  low  as  ten  per  cent  of  the  normal  quantity,  i.e.,  1.5  grams 
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per  100  cc.  of  blood  instead  of  15  grams,  as  in  health.  The 
reduction  in  the  hemoglobin  may  be  the  result  either  of  there 
being  fewer  red  cells,  as  in  the  most  severe  types  of  anemia,  or 
to  there  being  less  hemoglobin  in  each  cell,  the  total  number 
of  cells  being  not  very  greatly  reduced.  In  some  forms  of 
anemia  both  of  these  factors  are  present. 

It  has  been  mentioned  that  the  number  of  red  cells  in  the 
blood  in  health  represents  the  balance  struck  between  the  loss 
of  red  cells  through  wear  and  tear  in  the  circulation,  and  the 
production  of  new  cells  by  the  bone  marrow.  Anemia  may 
result,  therefore,  from  either  increased  destruction  (or  loss  from 
the  body)  of  red  cells,  or  from  diminished  production.  The 
anemias  may  be  divided  then  into  these  two  main  categories. 

A.  Anemias  due  to  blood  loss  or  increased  destruction  of  red 
cells.  I.  Post-hemorrhagic.  In  this  type  a  large  amount  of 
blood  may  be  lost  from  the  circulation  either  suddenly  {acute 
hemorrhage')  as  a  result  of  the  opening  of  a  large  vessel,  e.g., 
in  accidental  wounds,  duodenal  ulcer,  etc.,  or  by  repeated  small 
hemorrhages  {chrome  hemorrhage). 

2.  Hemolytic.  In  this  type  an  abnormal  number  of  red  cells 
undergo  destruction  in  the  blood  stream.  Certain  poisons,  e.g., 
lead,  arsenical  preparations,  etc.,  cause  destruction  of  the  cells' 
In  another  type  of  hemolytic  anemia  there  appears  to  be  some 
inherent  defect  in  the  erythrocytes  themselves.  They  are  more 
fragile  and,  in  consequence,  disintegrate  more  readily  than 
usual.  ^ 

B.  Anemias  due  to  defective  blood  formation.  This  group 
embraces  anemias  caused  by: 

I.  Iron  deficiency.  Should  the  diet  contain  inadequate 
amounts  of  iron,  anemia  develops.  In  this  type  the  red  cells, 
as  a  rule,  are  not  greatly  reduced  in  number,  but  they  are 
smaller  than  the  normal,  and  the  concentrations  of  hemoglo¬ 
bin  in  each  cell  is  low.  The  pale  color  of  the  erythrocytes  is 
usually  quite  evident  upon  microscopic  examination.  The 
qualifymg  terms  microcytic  {micros,  small  -f-  cytos,  a  cell)  and 
hypochromic  {hypo,  low  -)-  chromos,  color)  are  frequently  em¬ 
ployed  in  referring  to  anemias  of  this  class. 
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2.  Protein  deficiency.  A  diet  lacking  in  adequate  amounts 
of  protein  of  good  quality  is  conducive  to  the  development  of 
anemia,  for  the  amino  acids  necessary  for  the  synthesis  of  the 
globin  portion  of  the  hemoglobin  molecule  are  absent  or  scarce. 
Food  containing  protein  of  high  quality  as  in  meat,  liver,  milk, 
eggs,  etc.,  is  just  as  important  as  iron  for  hemoglobin  synthesis 
(seep.  72). 

3.  Vitamin  deficiency.  A  severe  dietary  lack  of  vitamin  C  or 
of  certain  factors  of  the  vitamin  B  complex,  especially  pteroyl- 
glutamic  acid,  is  sometimes  a  cause  of  anemia. 

Anemias  due  to  deficiencies  in  the  diet  are  usually  referred  to 
as  nutritional  anemias. 

4.  Lac\  of  the  specific  anti-anemic  factor.  Anemia  due  to 
this  cause  is  commonly  referred  to  as  pernicious  anemia  be¬ 
cause,  until  a  cure  was  discovered  in  1926,  it  resisted  all  forms 
of  treatment  and  invariably  caused  death.  The  hemoglobin 
may  fall  to  a  very  low  percentage  of  the  normal,  due  to  the 
great  reduction  in  the  number  of  red  cells.  Each  cell  actually 
contains  a  little  more  hemoglobin  than  does  a  healthy  cell. 
The  cells  are  considerably  larger  than  normal,  and  for  this  rea¬ 
son  are  called  macrocytes  (Gk.  macros,  large  -|-  cytos,  a  cell). 
In  pernicious  anemia,  very  large  cells  known  as  megaloblasts 
are  also  seen,  often  in  large  numbers.  They  are  very  primitive 
cells,  and  resemble  but  are  not  identical  with  very  immature 
erythrocytes  of  the  same  name  found  in  small  numbers  in  nor¬ 
mal  bone  marrow.  This  normal  bone  marrow  cell  as  well  as 
the  megaloblasts  of  pernicious  anemia  contains  no  hemoglobin, 
and  in  appearance  is  not  unlike  the  large  lymphocyte  (p.  89). 

The  observations  of  Whipple  and  his  associates,  already 
mentioned  (p.  73),  suggested  to  two  physicians  of  Boston  — 
Drs.  Minot  and  Murphy  —  that  liver  might  be  of  value  in  the 
tre^ment  of  pernicious  anemia.  The  spectacular  success  which 
followed  the  feeding  of  liver 'to  victims  of  this  disease  is  now 
well  known.  As  a  result  of  this  work  of  epochal  importance, 
it  is  now  evident  that  the  liver  normally  discharges  into  the 
blood  stream  a  principle  which  is  essential  for  the  maintenance 
of  the  erythropoietic  function  of  the  bone  marrow,  and  that 
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pernicious  anemia  is  due  to  the  absence  of  this  so-called  anti- 
anemic  (or  hematinic)  principle.  Fortunately,  the  anti-anemic 
principle  obtained  from  the  livers  of  farm  animals  is  active 
when  given  to  man,  and  can  therefore  replace  that  which  the 
pernicious  anemia  patient  lacks.  It  has  since  been  shown  that 
the  anti-anemic  principle  is  produced  by  the  action  of  a  specific 
substance,  secreted  by  the  stomach,  upon  certain  articles  of  diet. 


Fig.  3-10  Diagram  illus¬ 
trating  the  factors  respon¬ 
sible  for  erytliropoiesis. 
(From  Best  and  Taylor, 
The  Physiological  Basis  of 
Medical  Practice,  Wil¬ 
liams  and  Wilkins  Co., 
Baltimore.) 


e.g.,  beef  muscle  and  other  meats.  The  substance  secreted  by 
the  stomach  is  called  the  gastric  or  “  intrinsic  "  factor;  the  sub¬ 
stance  in  the  food  upon  which  it  acts  to  produce  the  anti-anemic 
principle  is  known  as  the  "  extrinsic  ”  factor.  The  relationship 
of  the  three  principles  to  erythropoiesis  is  shown  diagrammat- 
ically  in  Figure  3-10.  A  victim  of  pernicious  anemia  given  the 
intrinsic  factor,  as  contained  in  the  dried  and  ground-up 
stomach  of  the  pig,  is  cured  just  as  readily  as  by  the  liver  prin¬ 
ciple  itself.  It  appears,  therefore,  that  the  fundamental  cause 
of  this  type  of  anemia  is  failure  of  the  intrinsic  factor  to  be 
secreted  —  the  anti-anemic  principle  cannot  then  be  formed. 

The  active  principle  in  liver  extract  which  acts  so  effectively 
in  anemias  of  the  pernicious  type  has  been  obtained  recently  as 
a  pure  or  nearly  pure  substance  in  the  form  of  dark  red  crystals. 
It  is  one  of  the  most  powerful  therapeutic  agents  known  to 
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medical  science.  A  very  minute  amount,  a  few  thousandths  of 
a  milligram,  of  this  material  induces  a  beneficial  effect  in  perni¬ 
cious  anemia.  The  precise  chemical  composition  of  this  ma¬ 
terial,  which  has  been  named  vitamin  B12,  is  not  known.  It  has 
been  shown,  however,  to  contain  cobalt. 

Another  factor  of  the  vitamin  B  complex,  quite  distinct  from 
Bi2,  has  been  found  within  recent  years  to  exert  a  curative  ef¬ 
fect  in  pernicious  anemia.  It  is  present  in  green  vegetables, 
liver,  kidney,  and  other  foods.  It  was  first  named  folic  acid, 
but  is  now  generally  referred  to  by  its  chemical  name  fteroyl- 
glutamic  acid. 

5.  Toxic  agents  which  depress  the  function  of  the  bone  mar¬ 
row.  Certain  chemical  poisons,  e.g.,  benzine  compounds,  ra¬ 
dium  salts,  or  toxic  substances  produced  in  disease,  e.g.,  ne¬ 
phritis,  and  various  infections,  depress  or  destroy  the  function 
of  the  bone  marrow.  In  some  instances  the  bone  marrow  is 
almost  function  less,  is  much  reduced  in  amount,  and  few  red 
cells  are  produced  to  replace  those  which  have  been  destroyed. 
Circulating  red  cells,  as  a  consequence,  fall  to  a  very  low  level. 
The  term  aplastic  is  given  to  this  type  of  anemia. 


Hemorrhage 

Hemorrhage  may  be  defined  as  the  loss  of  blood  as  a  whole,  i.e., 
of  plasma  and  cells,  from  the  blood  vessels.  The  blood  may 
escape  from  the  body,  as  in  accidents  causing  injury  to  an  artery 
or  vein  —  external  hemorrhage.  On  the  other  hand,  the  blood 
may  pass  into  the  surrounding  tissues,  such  as  the  brain  or 
lungs,  or  into  one  of  the  hollow  viscera,  e.g.,  the  stomach  or  in¬ 
testine.  This  is  called  internal  hemorrhage.  However,  the 
general  effects  are  practically  the  same  whether  the  hemor¬ 
rhage  is  external  or  internal.  If  the  quantity  of  blood  lost  is 
large,  and  especially  if  it  occurs  suddenly,  the  subject  suffers 
severely  from  lack  of  oxygen  as  a  consequence  of  the  reduction 
in  the  number  of  erythrocytes.  There  is  a  fall  in  blood  pres¬ 
sure,  as  a  result  of  the  reduction  in  volume  of  circulating  fluid, 
and  the  heartbeat  increases  in  rate. 
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Of  the  physiological  adjustments  which  ensue  to  safeguard 
the  body  against  the  dangers  of  blood  loss,  some  are  effected 
almost  immediately  after  the  hemorrhage ;  others  not  for  some 
time.  The  first  requisite,  of  course,  is  that  the  bleeding  be 
staunched.  This  is  accomplished  through  the  clotting  of  the 
blood  (p.  io6)  and  the  contraction  of  the  walls  of  the  divided 
vessels.  In  this  way  the  leak  in  the  circulating  system  is  re¬ 
paired.  The  capacity  of  the  circulating  system  must  also  be  re¬ 
duced,  in  order  to  conform  to  the  reduced  volume  of  tlie  blood. 
This  is  brought  about  through  nervous  reflexes.  Nerve  im¬ 
pulses  are  transmitted  from  centers  in  the  brain  and  cord  to  the 
small  blood  vessels  (arterioles,  p.  131)  in  parts  of  the  body,  such 
as  the  skin,  muscles,  and  intestines,  whose  functions  are  not 
immediately  essential  to  life.  The  caliber  of  the  vessels  in  these 
structures  is  narrowed.  The  blood  pressure  is  therefore  raised 
(p.  154),  and  an  adequate  supply  of  blood  to  the  heart  and  the 
vital  centers  in  the  brain  thus  maintained.  The  spleen  responds 
to  hemorrhage  (p.  100)  by  contraction,  and  the  discharge  of  a 
quantity  of  blood  into  the  circulation ;  thus  the  blood  volume  is 
at  once,  in  part  at  least,  restored.  The  blood  volume  is  also 
augmented  by  the  passage  of  fluid  —  mainly  water  and  salts  — 
into  the  vessels  from  the  tissue  spaces.  This  process  com¬ 
mences  almost  immediately  after  the  blood  has  been  shed,  and 
may  restore  the  blood  volume  to  normal  within  a  remarkably 
short  time.  The  withdrawal  of  fluid  from  the  tissues  causes  the 
subject  to  suffer  from  thirst,  and  the  administraHon  dFHmdrat 
this  time  is  of  value  in  hastening  the  return  of  the  blood  vol¬ 
ume  to  its  normal  value.  A  longer  time  is  required  for  the  re¬ 
placement  of  the  plasma  proteins  and  a  longer  time  still  for  the 
complete  restoration  of  the  blood  cells  by  the  bone  marrow. 
The  time  following  the  hemorrhage,  at  which  the  blood  cells 
are  brought  back  to  their  normal  concentration,  varies  with 
the  nature  of  the  diet  (p.  72),  the  quantity  of  blood  which  has 
been  lost  and  the  recuperative  powers  of  the  Individual  subject. 
After  the  withdrawal  of  a  pint  of  blood  from  a  healthy  per¬ 
son  for  transfusion  purposes,  from  6  to  8  weeks  elapse  before 
the  red  cell  count  returns  to  normal. 
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T  ransfusion 

When,  more  than  40  per  cent  of  the  blood  is  lost  over  a  short 
period  of  time  the  body  is  usually  unable  to  repair  the  loss  un¬ 
aided.  Some  artificial  means  of  replacing  the  lost  fluid  must 
be  resorted  to.  The  intravenous  injection  of  blood,  plasma, 
or  serum,  or  of  some  artificial  solution  with  the  object  of  re¬ 
storing  the  blood  volume  is  called  transjusion^ 

Transfusion  with  whole  blood.  Blood  obtained  from  an¬ 
other  person  (usually  referred  to  as  the  donor)  is  the  ideal 
transfusion  fluid,  for  it  is  capable  not  only  of  restoring  the 
blood  volume  but  of  furnishing  erythrocytes  as  well.  The 
transfused  cells  survive  for  a  considerable  length  of  time  (prob¬ 
ably  for  from  100  to  125  days).  Blood  may  not  be  taken  in¬ 
discriminately  from  any  person  and  transfused  into  any  other. 
Great  care  must  be  exercised  in  the  choice  of  the  person  (the 
donor)  from  whom  the  blood  is  taken,  for  the  blood  of  one 
person  may  result  in  the  death  of  another  into  whose  veins  it  is 
injected.  The  patient  who  receives  the  blood  is  called  the 
recipient.  Death  may  occur  even  though  donor  and  recipient 
are  closely  related.  Such  an  untoward  result  is  due  to  the  pa¬ 
tient’s  plasma  containing  a  substance  called  an  agglutinin, 
while  the  donor’s  erythrocytes  contain  a  complementary  sub¬ 
stance  called  an  agglutinogen.  When  unsuitable  blood  is  trans¬ 
fused,  the  donor’s  erythrocytes  become  gathered  together  into 
clumps  —  agglutination  (PI.  3  A,  and  Fig.  3-11).  Such  clumps 
of  cells  block  the  small  vessels;  later  the  cells  disintegrate  and 
liberate  their  hemoglobin.  The  pigment  in  the  process  of  ex¬ 
cretion  by  the  kidneys  obstructs  and  damages  the  urinary  tu¬ 
bules,  and  the  patient  dies  as  a  result  of  the  suppression  of 
urine.  Types  of  blood  which,  when  mixed,  behave  in  this  way 
are  termed  incompatible.  It  has  been  discovered  that  the  en¬ 
tire  human  population  of  the  earth  —  of  no  matter  what  race 
—  can  be  divided  into  four  groups  according  to  the  reactions 
of  their  bloods  when  mixed  together.  The  groups  are  desig- 

Strictly  speaking,  the  word  transfusion  refers  to  the  use  of  whole  blood,  scrum, 
or  plasma,  and  infusion  to  the  use  of  other  fluids. 
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nated,  respectively,  by  the  capital  letters,  O,  A,  B,  and  AB. 
Table  9  shows  the  reactions  between  plasma  (or  serum)  and 
the  corpuscles  of  the  various  groups  according  to  the  classifica¬ 
tion  worked  out  by  Jansky." 


TABLE  9 
Serum 


"b  ==  agglutination;  —  =  no  agglutination 


It  will  be  noted  that  the  serum  of  group  AB  (vertical  row 
on  extreme  right)  does  not  cause  agglutination  of  the  corpus¬ 
cles  of  any  group.  That  is,  the  red  cells  of  any  donor,  it  would 
be  expected,  could  be  injected  with  safety  into  a  subject  be¬ 
longing  to  group  AB.  A  person  belonging  to  group  AB  has 
therefore  been  called  the  “  universal  recipient.”  It  is  also  evi¬ 
dent  from  the  table  that  the  corpuscles  of  group  O  are  not  ag¬ 
glutinated  by  any  serum.  A  person  of  this  group  has  therefore 
been  called  the  "  universal  donor.”  Serious  reactions  and  even 
death  may  result,  however,  when  the  donor  belongs  to  group 
O  or  the  recipient  to  group  AB.  The  terms  “  universal  donor  ” 
and  “  universal  recipient  ”  are  therefore  misleading.  The 

5  Previously,  the  blood  groups  were  designated  by  Roman  numerals  I,  II,  III,  and 
IV.  The  capital  letters  used  today  refer  to  the  agglutinogen  or  agglutinogens  pres¬ 
ent  in  the  corpuscles.  O  means  that  the  cells  contain  neither  of  the  two  main  ag¬ 
glutinogens;  A  that  they  contain  one  (A);  B  that  they  contain  the  other  (B),  and 
AB  that  they  contain  both.  In  designating  the  two  types  of  agglutinins  (antibodies)  in 
serum,  the  Greek  letters  o,  a  and  /S  are  employed,  o  means  the  absence  of  both, 
a  and  ^  mean,  respectively,  that  one  or  other  or  both  are  present.  Therefore,  to 
give  the  complete  characteristic  of  a  given  type  of  blood  in  respect  to  its  agglutino¬ 
gens  (corpuscles)  and  agglutinins  (serum),  we  would  write  o,  (no  agglutinogen, 
both  agglutinins),  A^  (agglutinogen  A,  agglutinin  /?),  Ba  (agglutinogen  B,  ag- 
glutininot),  and  ABo  (both  agglutinogens,  no  agglutinin).  Thus  the  reaction  shown 
in  Table  6  can  be  understood.  The  cells  of  O  group  are  not  agglutinated  because 
they  contain  no  agglutinogen  and  the  serum  of  AB  group  will  not  agglutinate  any 
cells  because  it  contains  no  agglutinin. 
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donor  should  when  possible  be  of  the  same  group  as  that  to 
which  the  recipient  belongs;  there  is  then  no  fear  of  incompa¬ 
tibility,  in  so  far  as  the  main  blood  groups  are  concerned.'’  Or 
better  still,  the  compatibility  of  the  two  samples  of  blood  should 
be  tested  before  the  transfusion  is  made.  The  clumping  of  the 
corpuscles  which  occurs  when  they  are  mixed  with  an  incom¬ 
patible  serum  is  clearly  seen  under  the  miscroscope.  Even  to 


Fig.  3-1 1  Showing  the  method  of 
determining  the  group  to  which 
a  sample  of  blood  belongs;  blaci; 
discs  =  agglutination,  white  =  no 
agglutination.  If  neither  test  serum 
causes  agglutination  of  the  cor¬ 
puscles  of  the  blood  being  tested, 
the  latter  must  belong  to  group  O. 
If  the  corpuscles  are  agglutinated 
by  B  but  not  by  A  serum,  the  blood 
belongs  to  group  A.  If  agglutina¬ 
tion  occurs  with  A  but  not  with  B 
serum,  the  blood  is  of  group  B.  If 
both  sera  cause  agglutination  the 
unknown  blood  is  placed  in  group 
AB.  (See  footnote  7.) 

the  naked  eye  the  masses  of  agglutinated  corpuscles  may  be 
seen  as  minute  particles,  like  grains  of  cayenne  pepper,  floating 
upon  the  surface  of  the  clear  serum.^ 

The  agglutination  of  corpuscles  when  incompatible  bloods 
are  mixed  is  in  the  nature  of  an  immune  reaction  (Ch.  5)  re¬ 
sembling  that  whereby  bacteria  are  agglutinated,  and  thus  ren- 

®  This  precaution  will  not,  however,  exclude  the  danger  of  incompatibility  with 
respect  to  certain  other  factors,  especially  the  Rh  factor  (see  p.  82). 

In  order  to  determine  to  which  of  the  four  groups  a  particular  blood  sample 
belongs,  the  blood  is  tested  with  serum  from  blood  groups  A  and  B.  Samples  of 
sera  from  these  groups  are  available  in  small  sealed  vials  which  in  all  large  hospitals 
are  kept  in  the  ice-box  ready  for  use.  If  the  corpuscles  of  the  blood  sample  are  ag¬ 
glutinated  by  A  test  serum,  but  not  by  B,  it  belongs  to  group  B.  If  agglutination  oc¬ 
curs  with  B  serum,  but  not  with  A,  it  belongs  to  group  A.  If  agglutination  follows 
mixing  with  both  A  and  B  .sera,  the  sample  belongs  to  group  AB,  and  if  neither  A 
nor  B  serum  causes  agglutination  the  unknown  serum  belongs  to  group  O  (see 
Fig.  3-1 1). 
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dered  innocuous  by  a  specific  substance  (antibody)  in  the 
blood  of  a  person  infected  with  the  same  type  of  microorgan¬ 
ism.  However,  an  antibody  active  against  bacteria  is,  as  a  rule, 
developed  only  after  the  blood  has  been  invaded  by  the  micro¬ 
organisms,  whereas,  the  antibody  to  the  corpuscles  of  an  in¬ 
compatible  .blood,  that  is,  the  agglutinin,  is  present  naturally  as 
an  inherited  characteristic. 

The  blood  characteristics  are  inherited  according  to  Mende- 
lian  laws,  and  just  as  the  offspring  of  a  brown-eyed  and  a  blue¬ 
eyed  parent  may  have  either  brown  or  blue  eyes,  so  it  is  impos¬ 
sible  to  predict  the  blood  characters  of  a  child  from  those  of  its 
parents. 

Transfusion  of  blood  is  employed  in  other  conditions  besides 
hemorrhage,  namely,  in  surgical  shock,  extensive  burns,  in  cer¬ 
tain  severe  infections,  and  in  extreme  malnutrition  of  infants. 

The  Rh  factor.  Until  a  few  years  ago  (1940),  the  four  blood 
groups  were  believed  to  be  the  only  ones  that  it  was  necessary 
to  take  into  account  when  choosing  a  donor  for  transfusion,  yet 
deaths  following  transfusion  occurred  from  time  to  time  for 
which  no  satisfactory  explanation  could  be  given.  In  so  far 
as  the  O,  A,  B,  and  AB  groups  were  concerned  the  blood  tran.s- 
fused  in  these  fatal  cases  should  have  been  compatible  with 
that  of  the  patient.  When  a  survey  was  made  of  a  number  of 
these  fa:talities,  it  was  discovered  that  they  had  all  occurred 
either  (i)  in  persons  who  had  been  transfused  at  some  earlier 
time,  that  is,  the  fatality. followed  a  second  transfusion,  or  (2) 
in  women  who  were  pregnant  or  had  given  birth  to  a  child. 
Research  workers  interested  in  the  subject  recalled  that  Land- 
steiner  and  Weiner  of  the  Rockefeller  Institute  had  discovered 
that  the  injection  of  the  blood  of  the  Rhesus  monkey  into 
guinea  pip  caused  the  formation  in  the  blood  of  the  latter  of 
an  agglutinin  which  caused  the  agglutination  of  the  monkey’s 
corpuscles  and  also  of  human  corpuscles.  The  Rhesus  corpus¬ 
cles  contain  a  substance  —  an  agglutinogen  —  which  when  in¬ 
jected  into  an  animal  such  as  the  guinea  pig,  whose  blood  does 
not  itself  contain  it,  stimulates  the  production  in  the  recipient 
animal  of  an  antibody,  that  is,  of  an  agglutinin.  Now,  about 


TRANSFUSION,  BLOOD  GROUPS  83 

85  per  cent  of  members  of  the  white  race  contain  such  an  ag¬ 
glutinogen,  or  Rh  factor,  as  it  has  been  named  (after  the  Rhesus 
monkey) ;  the  remaining  15  per  cent  do  not.®  In  other  words, 
the  corpuscles  of  85  per  cent  of  persons  of  the  white  race,  in  that 
they  contain  the  agglutinogen,  resemble  Rhesus  corpuscles,  the 
corpuscles  of  the  remaining  15  per  cent,  in  that  the  agglutino- 


Fig.  3-12  Diagram  to  illustrate  a  reaction  caused  by  the  Rh  factor, 
whether  as  a  result  of  a  second  transfusion  or  of  a  first  transfusion 
administered  to  the  Rh-negative  mother  of  a  Rh-positive  child.  (See 
text.) 

#  =Rh+,  0==Rh  — 

gen  is  absent,  resemble  guinea  pig  corpuscles.  Blood  which 
contains  the  Rh  factor  is  termed  Rh-positive;  blood  which  lacks 
it  is  called  Rh-negative.  When  the  blood  of  a  person  who  is 
Rh-positive  is  injected  into  the  circulation  of  one  whose  blood 
is  Rh-negative,  the  antibody  —  agglutinin  or  anti-Rh  factor  — 
is  produced.  Such  transfusion  merely  causes  the  production  of 
the  agglutinin;  no  reaction  follows.  But,  if  a  second,  similar 
transfusion  is  given,  10  days  or  more  (even  up  to  years)  after 

®  Certain  races,  e.g.,  North  American  Indians,  Japanese,  Chinese,  and  Negroes  of 
pure  African  stock  are  99-100  per  cent  Rh-positive. 
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the  first,  a  severe,  often  fatal,  reaction  follows,  due  to  the  ac¬ 
tion  of  the  accumulated  agglutinin  or  anti-Rh  factor.  The 
fatal  reactions  following  an  initial  transfusion  in  women  who 
had  borne  a  child  are  explained  on  an  essentially  similar  basis. 
But  in  such  cases  the  blood  of  the  unborn  child  contains  the 
agglutinogen  (inherited  from  the  father).  That  is,  in  all  cases 
in  which  such  a  reaction  occurs,  the  blood  of  the  fetus  is  Rh- 
positive  while  that  of  the  mother  is  Rh-negative.  Evidently 
red  cells  containing  the  agglutinogen  or  fragments  of  such  cells 
have  escaped  from  the  fetal  to  the  maternal  blood  through  tlie 
delicate  membrane  separating  the  two  circulations,  and  stimu¬ 
lated  the  tissue  cells  to  produce  the  anti-Rh  factor  in  the  moth¬ 
er’s  blood  (Fig.  3-12). 

Though  an  Rh-negative  mother  bearing  an  Rh-positive  fetus 
suffers  no  ill  effects  unless  transfused  with  incompatible  blood, 
the  fetus  is  often  very  seriously  affected  by  the  anti-Rh  factor 
of  the  mother  which  enters  the  fetal  circulation  and  exerts  a 
destructive  (hemolytic)  action  upon  the  red  cells  of  the  child, 
both  before  and  after  birth.  The  blood  disease  so  called  is 
known  as  hemolytic  disease  of  the  new  born,  or  erythroblasto¬ 
sis  foetalis;  it  is  invariably  fatal  unless  treated  by  large  trans¬ 
fusions  of  Rh-negative  blood. 

Transfusion  with  plasma  or  serum.  Within  recent  years  it 
has  been  generally  recognized  that  in  many  cases  of  hemor¬ 
rhage  it  is  unnecessary  to  transfuse  with  whole  blood.  The 
body  possesses  an  immense  reserve  store  of  red  cells  in  spleen, 
liver,  and  skin  which  can  be  drawn  upon  in  such  an  emer¬ 
gency.  Death  from  hemorrhage  is,  as  a  rule,  due  not  to  the 
reduction  in  the  oxygen-carrying  capacity  of  the  blood  but  to 
the  loss  of  the  bulk  of  circulating  fluid  and  the  resulting  fall  in 
blood  pressure  which  this  entails.  Plasma  or  serum  has  there¬ 
fore  come  into  very  wide  use  as  a  transfusion  fluid.  There  are 
certain  very  definite  and  great  advantages  to  be  gained  by  the 
use  of  these  blood  derivatives.  In  the  first  place,  plasma  or 
serum  when  collected  from  a  number  of  donors  and  mixed  to¬ 
gether  (pooled)  does  not  cause  agglutination  of  the  transfused 
patient’s  corpuscles.  That  is,  it  is  universally  compatible.  An- 
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Other  great  advantage  of  plasma  or  serum  over  whole  blood  is 
that  either  can  be  dried  and  stored  in  bottles,  and  is  thus  ready 
at  hand  for  almost  immediate  use.  All  that  is  then  required 
is  the  addition  of  sterile  distilled  water  in  an  amount  equal  to 
that  which  had  been  removed  by  evaporation  in  the  drying 
process.  In  the  preparation  of  the  dried  product  the  plasma 
or  serum  collected  from  a  number  of  donors  is  separated  from 
the  cells  by  centrifuging  and  decanted  off.  The  cells,  as  a  rule, 
are  discarded.  The  liquid  part  of  the  blood  is  frozen  and  then 
dried  in  the  frozen  state  by  subjecting  it  to  a  high  vacuum 
(6  mm.  Hg  or  less).  This  method,  the  desivac  process,  is  now 
employed  in  the  preparation  of  dried  serum  (or  plasma)  on  a 
large  scale  for  the  armed  forces  in  Britain,  Canada,  the  United 
States,  and  other  countries. 

The  albumin  of  human  plasma  dried  and  powdered  is  also 
available.  It  is  put  up  in  sealed  containers  and  ready  for  use 
after  the  addition  of  distilled  water  and  the  necessary  blood 
salts. 

Transfusion  materials  of  nonhuman  origin.  The  search  for 
a  suitable  substitute  for  blood  or  its  derivatives,  plasma  or 
serum,  as  a  transfusion  material  has  engaged  the  attention  of 
scientists  for  a  number  of  years.  Provided  that  the  material 
resembles  plasma  or  serum  in  its  physical  properties  and  is  capa¬ 
ble  of  restoring  and  maintaining  the  blood  volume  for  a  rea¬ 
sonable  length  of  time  and  thus  of  raismg  the  blood  pressure 
from  a  dangerously  low  level,  the  chemical  composition  of  the 
transfusion  fluid  is  of  secondary  importance.  But  the  require¬ 
ments  of  such  an  artificial  transfusion  material  are  many;  (a) 
The  molecule  of  the  dissolved  substance  must  be  of  such  a  size 
that  the  fluid  will  not  leave  the  vessels  too  freely,  (b)  The 
solution  must  exert  an  osmotic  pressure  and  possess  a  viscosity 
approaching  as  closely  as  possible  that  of  whole  blood;  these 
qualifications  depend  upon  molecular  size  and  shape,  (c)  It 
should  be  as  nearly  as  possible  isotonic  with  the  contents  of 
the  erythrocytes  (see  p.  68).  (d)  It  must,  of  course,  be  innocu¬ 
ous  in  every  respect.  In  addition,  it  should  be  readily  available, 
preferably  cheap,  and  capable  of  being  quickly  and  easily  pre’ 
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pared  for  intravenous  administration.  Provided  it  is  suitable 
in  the  respects  just  listed,  there  appears  to  be  no  valid  objection 
to  the  use  of  some  fluid  other  than  blood  or  serum  to  hll  the 

vessels  immediately  after  hemorrhage.  ^  .  t  i  i 

Among  the  solutions  of  nonhuman  origin  which  have  been 
used  in  the  past  or  are  under  investigation  and  trial  at  the 
present  time  are  (a)  saline  (0.9  per  cent  solution  of  sodium 
chloride),  (b)  a  6  per  cent  solution  of  gum  acacia,  and  (c)  a 
6  per  cent  solution  of  isinglass. 


Pig.  3.13  Showing  the  effect  on  an  animal’s  blood  pressure  of  the 
transfusion  of  isinglass  solution.  The  animal’s  blood  pressure  had  been 
lowered  by  hemorrhage  to  the  very  low  level  of  20  mm.Hg.  ^  ^ 
start  of  the  transfusion.  The  animal  survived  but  undoubtedly  would 
have  died  had  it  not  been  transfused. 

Scdine  solution  (0.9  per  cent  of  sodium  chloride)  is  of  little 
value  in  hemorrhage,  for  the  simple  reason  that  it  is  not  held 
within  the  vessels.  The  molecule  of  sodium  chloride  is  so 
small  that  it  escapes  freely  through  the  capillary  walls  into  the 
tissue  spaces.  When,  however,  the  water  of  the  blood  alone  is 
reduced  (anhydremia) ,  saline  is  of  benefit. 

Gum  acacia  was  introduced  during  the  First  World  War  for 
the  treatment  of  hemorrhage  resulting  from  wounds,  and  was 
highly  successful.  The  reason  for  its  success,  lay  in  the  fact 
that  its  molecule  is  large  and  does  not  readily  escape  from  the 
circulation.  In  the  dilution  used  (6  per  cent  ojE  gum  in  0.9  per 
cent  saline)  this  substance  exerts  an  osmotic  pressure  about  equal 
to  that  of  the  plasma  proteins.  The  fluid  is  therefore  retained 
within  the  vessels,  the  blood  pressure  is  elevated,  and  the  cir- 
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culation  to  vital  structures  maintained.  Gum  ^ 

into  disfavor,  however,  since  the  discovery  tha  1  .  g 

Isinglass  is  a  protein  very  closely  allied  in  its 
■  physical  properties  to  gelatin.  It  is  prepared  from  the  swim 
Adders  of  fish  (hake,  cod,  sturgeon,  etc.).  As  a  6  per  cent 
solution  in  0.9  per  cent  saline,  it  exerts  an  osmotic  pressure 
comparable  with  that  of  the  plasma  protems.  It  has  proved 
successful  in  the  treatment  of  acute  hemorrhage  in  animals  and 
in  patients.  It  does  not  cause  a  foreign  protein  (antigenic)  re¬ 
action  or  any  other  unfavorable  effect  (Fig.  3-13)- 


Hemolysis  or  the  Lading  of  Blood 

The  plasma  contains  little  or  no  hemoglobin.  When  normal 
blood  is  centrifuged,  the  red  cells  are  thrown  down  and  the 
supernatant  plasma  may  then  be  seen  to  be  almost  colorless. 
Under  the  action  of  certain  agents  the  hemoglobin  is  not  re¬ 
tained  by  the  erythrocytes,  but  escapes  and  colors  the 
This  process  is  termed  hemolysis  or  the  laktng  of  the  blood. 
The  substance  inducing  the  hemolysis  is  called  a  hemolysin  or 
a  hemolytic  agent.  Among  the  various  agents  which  cause 
hemolysis  are  (a)  hypotonic  solutions,  (b)  chloroform,  ether 
and  benzine,  and  certain  other  fat  solvents,  (c)  bacterial  poi¬ 
sons  (toxins),  (d)  the  venom  of  certain  snakes,  and  (e)  specific 
hemolysins.  The  depth  of  color  given  to  the  plasma  varies 
from  a  faint  pink  to  a  deep  red,  according  to  the  degree  to 
which  the  erythrocytes  have  been  attacked  by  the  particular 
hemolysin. 

Hypotonic  solutions  (p.  68)  act  by  disturbing  the  osmotic 
equilibrium  between  the  interior  of  the  red  cell  and  the  sur¬ 
rounding  plasma.  W^hen,  for  example,  distilled  water  is  added 
to  blood,  the  salts  of  the  plasma  are  diluted  and  the  osmotic 
pressure  of  the  plasma  is  reduced  below  that  within  the  cells. 
Water  is  therefore  “attracted”  into  the  cell  which,  as  a  con¬ 
sequence,  increases  in  volume  and,  finally  rupturing,  liberates 
its  coloring  matter.  When  the  cell  is  completely  hemolyzcd  in 
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this  way  its  colorless  framework  may  still  be  seen.  Such  de¬ 
colorized  cells  are  referred  to  as  “  ghosts.” 

The  fr^ihtMest.  If  normal  red  cells  are  immersed  in  a 
senes  oMiypotoSic  solutions  of  sodium  chloride  graded  in 
small  dilferences  of  salt  concentration,  they  commence  to  he- 
mo  yse  when  the  percentage  of  salt  is  approximately  0.42.  Me¬ 
mo  ysis  IS  complete  when  the  salt  concentration  is  approxi¬ 
mately  0.36  per  cent.  In  hemolytic  forms  of  anemia  the  red 
cells  are  less  resistant,  that  is,  more  fragile,  than  normal  to 
hypotonic  solutions  and  commence  to  hemolyse  at  a  salt  con¬ 
centration  of  about  0.5  per  cent,  and  are  completely  hemolysed 
a  around  0.4  per  cent.  In  pernicious  anemia,  on  the  contrary 
they  show  an  increased  resistance  to  hemolysis;  the  hemoglobin 
commences  to  escape  from  the  cells  at  a  salt  concentratmn  of 
0.38  per  cent  and  is  complete  at  0.30  per  cent 
Chloroform  ether,  etc.,  cause  hemolysis,  apparently  by  dis 
Jdv^gth.  hp.d  n^aterials  composing  Lceu'^nsemL  jand 
Stroma.  The  manner  m  which  bacterial  and  many  other  of  the 
organic  hemolytic  agents  act  is  not  clear. 

Fm^raS’ofeTflr”  ^  substances. 

f  ^  r  “  S'™  ’  Saiiy  injections  of 

thrill''?!!  “  gnaduall/ deldoped  k 

hemoly^  the  “iTlpSfio  ** 


The  White  Cells  or  Leucocytes 

cclh  outnumb^Je  wKy  abZ  feTi  (“^,'354^ ^ 

white  cells  are  of  two  main  tvoes  ^  ^ 

the  cytoplasm  and  with  an  unlobed  nuclem-  these^IJr^Tl 
agranular  leucocytes,  (b)  Those  with  granules  ^he"^ 
plasm  and  a  nucleus' possessing  two  or  Lrc  lobe^ 
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termed  granular  leucocytes,  granulocytes  or  polymorphonu¬ 
clear  leucocytes  (see  PI.  2). 

The  agranular  leucocytes  are  of  three  varieties  —  the  large 
and  small  lymphocytes  and  the  monocytes.  The  first  two  types 
closely  resemble  one  another  except  in  size;  the  small  lym¬ 
phocyte  is  about  8  microns  in  diameter,  the  large  from  lo  to  12 
microns.  The  small  lymphocytes  constitute  about  25  per  cent 
of  the  white  cells;  the  large  lymphocytes  about  3  per  cent.  The 
monocytes  are  larger  than  the  large  lymphocytes,  measuring 


Fig.  3-14  A  film  of  nor- 
mal  blood  illustrating  the 
relative  numbers  of  red 
and  white  cells  and  plate¬ 
lets.  A  field  as  large 
again  as  that  shown  would 
probably  contain  no  other 
white  cell. 


about  15  microns  in  diameter;  they  are  considered  by  most  ob¬ 
servers  to  belong  to  the  reticulo-endothelial  system  of  cells 
(p.  97).  They  are  relatively  few  in  number  —  from  i  to  2  x 
per  cent  of  the -total  number  of  white  cells.  " 

The  granulocytes  are  also  of  three  types,  the  eosinophils,  the 
basophls  and^the  neutrophils.  The  cytoplasm  of  the  eosino¬ 
phils  IS  packed  with  coarse  granules  which  stain  with  acid  dyes 
(e.g.,  the  red  dye  eosin)  ;  the  nucleus  has,  as  a  rule,  but  two 
lobes.  Normally,  these  cells  constitute  only  2  or  3  per  cent  of 
the  leucocyte  population.  - . 

The  granules  of  the  basophils  stain  with  basic  dyes  (e.g 
methylene  blue).  Thei^uclei  are  also  bilobed.  Basophils  arc 
sc^cc  (not  more  than  0.5  per  cent)  in  normal  blood.  ^ 

The  neutrophils  are  about  10  microns  in  diameter,  and  con- 
tarn  numerous  fine  granules  which  stain  with  neutral  dyes  or 

thylene  blue).  When  so  treated,  the  granules  arc  colored  violet. 
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Fig.  3-15  Showing  stages  in  the  life  of  a  polymorphonuclear  leucocyte 

(see  text). 


The  majority  of  the  neutrophil  leucocytes  possess  nuclei  which 
are  divided  into  from  2  to  5  lobes  (Fig.  3-15).  The  number  of 
lobes  depends  upon  the  age  of  the  cell,  the  oldest  ones  having 
5  or  more,  while  the  youngest  (which  are  very  few  in  num¬ 
ber)  show  only  a  suggestion  of  lobulation.  The  neutrophils  are 
the  most  numerous  type  of  white  cell,  constituting  from  65  to 
70  per  cent  of  the  total  count. 

The  granulocytes  are  formed  in  the  red  bone  marrow, 
whereas  the  large  and  small  lymphocytes  are  produced  in  the 
lymph  nodes  and  lymphoid  tissue  generally  throughout  the 
body  (see  p.  105).  The  monocytes  are  generally  believed  to  be 
elements  of  the  reticulo-endothelial  system.  See  also  page  97. 

The  functions  of  the  leucocytes.  The  neutrophilic  poly¬ 
morphonuclear  leucocytes,  together  with  the  monocytes  and 
other  reticulo-endothelial  elements,  constitute  probably  the 
most  important  means  which  the  body  possesses  for  its  defense 
against  invading  microorganisms.  The  ability  of  these  cells  to 
attack  bacteria  depends  upon  their  motility,  and  a  proclivity  for 
the  ingestion  of  solid  particles  (Fig.  3-16).  The  latter  action, 
which  was  first  demonstrated  by  Metchnikoff,  is  termed  phago¬ 
cytosis  (Gk.  phago,  I  eat).  These  two  varieties  of  white  blood 
cell  are  free  lances  among  the  body  cells ;  they  wander  from 


Drawing  of  a  neutrophil  at  half-minute  intervals  to  show 
motility  and  phagocytosis.  The  dots  represent  a  group  of  bacteria. 


THE  WHITE  CELLS  9I 

place  to  place  through  the  tissues,  for  practically  no  part  of  the 
body  is  barred  to  them.  They  insinuate  a  process  {pseudopo- 
dium),  improvised  at  the  moment  from  their  cell  protoplasm, 
through  one  of  the  joints  in  the  endothelium  of  the  capillary 


BLOOD  CAPILLARY 


Fig-  3-17  Illustrating  the  passage  of  polymorpho¬ 
nuclear  leucocytes  from  the  circulation  by  diapede- 
sis:  L,  lymphocyte;  N;  neutrophil  leucocyte. 

wall  (Fig.  3-17).  Then,  by  causing  the  semi-fluid  substance  of 
the  cell  body  to  stream  into  the  protoplasmic  protrusion,  they 
pass  out  of  the  blood  vessels.  By  this  process  of  diapedesis,  as 
it  is  called,  myriads  of  the  white  corpuscles  may  pass  out  of  the 
vessels  in  a  remarkably  short  time.  Reaching  a  point  where 
the  bacteria  have  entered  the  body,  they  surround  the  threat¬ 
ened  area  and  proceed  to  destroy  the  invaders.  If,  for  example, 
an  actively  inflamed  region  should  be  examined  imder  the  mi¬ 
croscope,  masses  of  neutrophils  would  be  seen,  and  many  of 
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these  would  be  observed  to  hold  bacteria  imprisoned  within 
their  bodies.  As  many  as  15  or  20  organisms  may  be  seen  at 
times  within  a  single  cell.  It  has  been  shown  that  the  germs 
are  ingested  alive,  and  remain  so  for  a  time  within  the  leu¬ 
cocyte. 

When  a  tissue  such  as  the  mesentery  or  web  of  a  frog,  in 
which  the  capillaries  are  clearly  visible,  is  examined  in  the  liv¬ 
ing  state  a  short  time  after  a  suspension  of  bacteria  has  been 
injected  into  it,  the  small  vessels  leading  to  the  site  of  inocula¬ 
tion  are  found  swarming  with  neutrophils.  In  the  tissues 
round  about,  the  ameboid  cells  are  seen  moving  somewhat 
ponderously  hither  and  thither  to  engulf  the  offending  bacteria. 
The  monocytes,  though  much  less  numerous,  also  join  in  the 
general  attack  and  show  their  phagocytic  propensities  to  a 
marked  degree.  After  the  first  flooding  of  the  tissues  with 
neutrophils  and  monocytes,  numbers  of  the  latter  come  to  rest 
and  together  with  other  reticulo-endothelial  elements  of  the  tis¬ 
sues  surround  and  isolate  the  infected  area  from  the  neighbor¬ 
ing  healthy  tissues.  Until  this  is  accomplished  the  danger  of 
the  infection  becoming  more  widely  spread  always  exists.  In 
their  struggle  against  bacteria,  equipped  as  these  are  with  pow¬ 
erful  toxins,  many  of  the  white  cells  are  killed.  These  collect 
within  the  infected  area  together  with  exuded  plasma,  liquefied 
tissue  cells,  and  a  few  red  cells  that  have  escaped  through  the 
injured  walls  of  the  capillaries.  This  material  constitutes  pus, 
and  the  so-called  pus  cells  are  dead  leucocytes.  The  circum¬ 
scribing  wall  and  its  semi-fluid  contents  constitute  an  abscess. 

A  “boil”  or  furuncle  is  a  small  abscess  of  the  skin  and  sub- 
cumneous  tissue  which  commences  as  an  infection  within  a 
hair  follicle.  By  the  action  of  the  phagocytes,  aided  by  a  pro- 
tejn-digesting  ferment  {protease)  which  they  elaborate,  the 
overlying  structures  whether  connective  tissue,  mucosa  or  skin 
are,  m  part,  removed  piecemeal.  The  wall  of  the  abscess  cavity 
over  a  small  area  of  skin  or  mucous  membrane  becomes  grad¬ 
ually  eroded  to  the  thinness  of  paper.  The  abscess  is  then  said 

to  point”;  It  bursts  soon  afterward  and  discharges  its  con¬ 
tent  of  pus.  o 
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Not  only  the  bacteria  themselves  but  any  infected  foreign 
material,  such  as  a  rose-thorn,  a  wood  splinter,  bullet,  or  shell 
fragment,  is  loosened  or  eroded  and,  when  possible,  removed  by 
the  phagocytes  (Fig,  3-18).  Sterile  foreign  material,  e.g.,  a  cat¬ 
gut  suture,  or  a  blood  clot,  is  broken  down  and  necrotic  tissue 
is  separated  from  the  living  by  phagocytosis  and  by  enzymes 


Fig.  3-18  Showing  the  migration  of  neutrophil  leucocytes  to  the  site 
of  infection  caused  by  a  minute  splinter  in  the  skin.  Relative  sizes  of 
splinter  and  leucocytes  not  drawn  to  accurate  scale.  Small  dots  in 
neighborhood  of  the  splinter  represent  bacteria. 

present  in  the  blood  and  tissues.  Devitalized  bone,  though  not 
removed  in  its  entirety,  unless  it  is  of  very  small  size,  is,  never¬ 
theless,  eroded  and  separated  from  the  living  tissue  by  the 
leucocytes.  The  disappearance  of  effete  organs,  such  as  the 
tail  and  gills  of  the  metamorphosing  tadpole  ojr  the  creeping 
muscles  of  insect  larvae  is  effected  in  a  similar  manner. 

Of  the  functions  of  the  other  varieties  of  granulocytes  —  the 
eosinophils  and  basophils  —  little  is  definitely  known.  They 
are  not  markedly  motile,  and  are  not  phagocytic.  The  eosino¬ 
phils  are  increased  above  the  normal  of  2  or-^  per  cent  in  cer¬ 
tain  affections,  notably,  asthma,  infestations  with  various  types 
of  parasitic  worms,  and  in  allergic  conditions. 

The  lymphocytes  are  not  ameboid  —  that  is,  they  do  not  pro- 


94  THE  BLOOD,  LYMPH,  AND  TISSUE  FLUIDS 

gress  by  tbe  protrusion  of  pseudopodia.  They  are  capable  of 
a  certain  slow  progression,  however,  as  a  result  of  spasmodic 
movements  of  the  cell  nucleus.  They  have  little  phagocytic 
power  and  from  all  accounts  possess  no  proteolytic  ferment. 

The  role  played  by  the  lymphocytes  has  been  a  subject  of 
speculation  for  a  number  of  years.  It  has  long  been  recognized 
that  these  blood  cells  were  concerned  in  chronic  inflammatorjt 
conditions,  for  a  great  migration  of  small  lymphocytes  to  the 
chronically  inflamed  tissues  (rwa//  cell  infiltration)  was  a  com¬ 
mon  observation,  but,  until  recently,  little  was  known  definitely 
of  the  functions  of  these  white  cells.  Modern  research  has  re¬ 
vealed  the  important  duty  which  they  perform  in  the  process  of 
immunity  (p.  233).  They  give  origin  to  one  of  the  proteins  — 
the  globulin  —  of  the  blood  plasma.  The  antibodies  which  are 
of  paramount  importance  in  establishing  resistance  to  bacterial 
infections  are  closely  associated  with  plasma  globulin.  In  ex¬ 
periments  upon  animals  it  has  been  found  that  during  an  in¬ 
fective  state  the  lymph  nodes  and  other  collections  of  lymphoid 
tissue  show  a  great  destruction  of  lymphocytes.  They  break 
down,  their  substance  undergoing  disintegration  to  furnish 
plasma  globulin.  The  adrenal  cortex  and  the  pituitary  gland, 
through  its  adrcnocorticotfophic  hormone  (p.  475),  exert  a 
controlling  influence  upon  lymphocyte  dissolution  and  globu¬ 
lin  production  and,  consequently,  upon  the  production  of  im¬ 
mune  substances  (antibodies). 

Variations  in  the  number  of  leucocytes.  A  rise  in  the  num¬ 
ber  of  white  cells  of  the  blood  is  called  leucocytosis.  The  in¬ 
crease  may  be  due  to  any  one  of  the  various  cell  types.  More 
specific  terms  are  frequently  employed,  such  as,  lymphocytosis, 
eosinophila,  and  neutrophilia  for  an  increase  in  the  number  of 
lymphocytes,  eosinophils,  and  neutrophils,  respectively.  The 
neutrophil  count  is  raised  markedly  by  acute  septic  infections. 
Among  physiological  conditions  which  cause  a  moderate  in¬ 
crease  in  this  type  of  white  cell  are,  muscular  exercise,  preg¬ 
nancy,  and  injections  of  adrenaline.  Lymphocytosis  occurs  in 
certain  chronic  infections;  eosinophila  is  seen  in  asthma,  in 
some  skin  diseases,  and  in  diseases  caused  by  parasites,  e.g.,  in- 
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testinal  wonns.  In  order  to  determine  which  type  of  white  cell 
is  responsible  for  the  leucocytosis  it  is  necessary  to  perform  a 
differential  count.  This  consists  in  examining  a  stained  smear 
of  blood  under  the  microscope  and  counting  the  numbers  of 
the  different  types  in  a  total  of  several  hundred  cells.  The 
percentages  of  the  various  types  are  then  calculated.  In  some 
instances  the  proportions  of  the  different  types  are  altered, 
though  no  change  occurs  in  the  total  white  cell  count. 

A  grave  disease  of  the  blood  marked  by  an  enormous,  one 
might  call  it  a  malignant,  increase  of  leucocytes  is  called  leu- 
cemia.  There  are  several  different  forms  of  the  disease  de¬ 
pending  upon  which  type,  granulocyte,  small  or  large  lym¬ 
phocyte  or  monocyte,  is  increased  in  number.  The  white  cell 
count  in  this  condition  may  reach  250,000  or  more  per  cubic 
millimeter,  and  many  cells  in  the  earlier  stages  of  development 
are  seen  in  the  circulation.  The  red  cells  are  usually  reduced 
in  number,  i.e.,  there  is  an  associated  anemia. 

Leucopenia  is  the  term  applied  to  a  reduction  in  the.  number 
of  leucocytes  below  the  normal;  it  occurs  in  certain  infectious 
diseases,  notably  pneumonia  and  typhoid  fever.  Certain  drugs 
(e.g.,  amidopyrine)  used  for  the  relief  of  headache,  or  pain  in 
other  parts  of  the  body,  are  believed  to  be  responsible  for  a  fatal 
disease  in  which  the  granulocytes  are  reduced  to  a  very  low 
level.  Resistance  to  infection  is  greatly  lowered  as  a  conse¬ 
quence. 

The  production  and  maturation  of  the  leucocytes.  The  gran¬ 
ulocytes,  like  the  red  cells,  pass  through  several  stages  of  devel¬ 
opment  in  the  bone  marrow  (see  PI.  2),  and  it  is  only  cells  in 
the  final  stage  which  normally  reach  the  general  circulation. 
The  cells  of  the  earliest  stages  are  nongranular  and  show  no 
division  of  the  nucleus  into  lobes.  These  cells  are  called  myelo¬ 
blasts.  Subsequent  stages  are  marked  by  the  appearance  of 
granules  which  increase  in  number  as  maturation  progresses 
and  undergo  differentiation  into  the  three  types,  but  the  nucleus 
as  yet  shows  no  lobulation.  These  cells  are  called  myelocytes. 
In  the  final  stage,  i.e.,  just  before  the  cell  is  discharged  from  the 
marrow  into  the  general  circulation,  constriction  of  the  nucleus 
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occurs  at  one  point,  but  no  definite  division  into  lobes  is  evi¬ 
dent.  As  already  mentioned,  the  lobulation  becomes  pro¬ 
nounced  and  the  number  of  lobes  increases  as  the  cell  ages  in 
the  circulation.  The  life  of  a  granulocyte  is  about  21  days. 

The  lymphocytes  are  produced  not  in  the  bone  marrow,  but 
in  the  lymphoid  tissues,  e.g.,  lymph  nodes,  spleen,  etc. 

Physiological  factors  concerned  in  acute  inflammation.  It 
is  evident  from  what  has  been  said  in  the  preceding  section 
that  the  functions  of  the  neutrophil  leucocytes  are  closely 
bound  up  with  the  physiological  processes  associated  with  acute 
inflammation.  A  substance  is  to  be  found  in  pus  or  other  in¬ 
flammatory  exudate,  known  as  the  leucocytosis  promoting  fac¬ 
tor  (Menkin)  which  attracts  the  neutrophils  to  the  injured  tis¬ 
sues.  A  second  chemical  factor  discovered  by  Menkin  and 
named  leucotaxin  increases  the  permeability  of  the  walls  of  the 
smallest  blood  vessels  (capillaries,  p.  132),  and  a  third,  hista¬ 
mine,  dilates  the  capillaries  as  well  as  increasing  the  permea¬ 
bility  of  their  walls.  In  inflammatory  reactions  the  capillaries 
and  the  vessels  next  in  size,  namely,  the  arterioles,  are  dilated  as 
well  through  axon  reflexes  (p.  572),  the  fine  nerve  endings  be¬ 
ing  stimulated  by  the  injurious  agent,  whether  this  is  of  a 
chemical  (e.g.,  bacterial  toxin)  or  a  mechanical  nature.  These 
effects  upon  the  minute  blood  vessels  cause  the  passage  of  an 
excessive  quantity  of  fluid  (plasma)  from  the  circulation  into 
the  surrounding  tissues,  which  results  in  swelling  of  the  in¬ 
flamed  part.  The  dilated  vessels  bring  more  blood  to  the 
affected  region  which  causes  reddening  and  a  local  rise  in  tem¬ 
perature.  The  swelling,  redness,  and  heat  —  three  of  the  car¬ 
dinal  signs  of  inflammation  —  are  thus  accounted  for  by  the 
vascular  reactions.  The  other  signs  of  inflammation,  namely, 
pain  and  loss  of  function,  naturally  follow,  the  former  being 
due  to  the  involvement  of  the  sensory  nerves  in  the  inflam¬ 
matory  process  as  well  as  to  the  pressure  upon  the  nerves  by 
the  accumulated  fluid.  The  temporary  loss  of  function  of  a 
movable  part  is  due,  in  many  instances,  simply  to  the  pain 
which  results  from  any  attempt  at  movement.  This  is  Nature’s 
way  of  encouraging  recovery,  by  enforcing  rest.  In  other  in- 
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stances  the  loss  of  ■  function  —  which  may  be  permanent  is 
due  to  the  inflammation  having  implicated  the  special  struc- 

tures  upon  which  the  particular  function  depends.  See  also 
page  233. 

The  Blood  Platelets  or  Thrombocytes 

These  are  small  bodies  about  a  quarter  of  the  diameter  of  a 
red  blood  corpuscle.  They  do  not  possess  a  nucleus  but  their 
protoplasm  contains  distinct  granules  (Fig.  3-19).  Their  origin 
is  not  known  with  certainty. 

The  most  widely  held  opin¬ 
ion  concerning  the  origin  of  ^ 
the  platelets  is  that  they  are 
fragments  of  protoplasm 
broken  or  separated  in  some 
way  from  the  giant  cells  of  0 
the  red  bone  marrow.  These 
latter  cells,  known  as  mega¬ 
karyocytes,  are  of  relatively 

enormous  size  (Fig.  3-20)  ^*8-  3-i9  Blood  platelets.  A  red 

j  ^  .  I  1  .  blood  cell  shown  for  size  compari- 

and  contam  several  nuclei  ^ 

son. 

massed  together  near  their 

centers.  Some  authorities  have  suggested  that  the  platelets  are 
the  remnants  of  disintegrated  erythrocytes. 

The  platelets  number  about  250,000  per  cubic  centimeter. 
They  play  an  important  part  in  the  coagulation  of  the  blood 
(p.  107). 

The  Reticulo-Endothelial  System 

This  is  a  system  of  primitive  cells  normally  present  in  the  gen¬ 
eral  connective  tissue,  lungs,  spleen,  liver,  lymph  nodes,  bone 
marrow  and  other  situations.  There  are  several  varieties,  but 
all  possess  phagocytic  properties,  and  some  of  very  large  size 
are  actively  motile.  One  type  of  reticulo-endothelial  cell, 
namely,  the  monocyte,  has  already  been  mentioned  as  being 
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present  in  blood.  Rcticulo-endothelial  cells  of  the  spleen  are 
responsible  for  the  final  disposal  of  the  fragments  of  red  cells 
which  they  engulf,  the  hemoglobin  being  freed  of  iron  and 
converted  to  bile  pigment  (p.  362).  The  reticulo-endothelial 
cells  m  the  blood  sinuses  of  the  liver  are  known  as  Kupffer  cells. 
These,  as  well  as  those  in  bone  marrow  and  the  general  connec¬ 
tive  tissues,  also  possess  the  ability  to  convert  into  bile  pigment 

the  hemoglobin  liber- 
•;  • '  v  ,  ated  from  disintegrated 

red  cells.  Thereticulo- 
i  endothelial  cells  of  the 

/  general  connective  tis- 

sues  are  of  exceptional¬ 
ly  large  size.  They  play 
,  .  a  prominent  role  in  the 

.  -  body’s  defense  against 

Fig.  3-20  A  megakaryocyte.  Red  invasion  by  microor- 

cell  shown  for  size  comparison.  ganisms.  These  cells 

are  actively  motile  and 
phagocytic, 'ingesting  bacteria  and  any  other  foreign  material 
which  may  be  introduced  into  the  tissues.  For  example,  after 
the  injection  of  India  ink  (which  consists  of  a  suspension  of 
carbon  grains)  into  an  animal,  these  macrophages^  as  they  are 
called,  gorge  themselves  with  the  foreign  particles.  They  are 
thus  made  conspicuous  beneath  the  microscope  (Fig,  3-21).  In 
inflammatory  conditions  they  gather  in  large  numbers  around 
and  within  the  inflamed  part.  In  the  lung,  macrophages  are 
active  in  the  removal  of  foreign  particles  (e.g,,  dust,  carbon 
particles)  which  have  been  carried  into  the  alveoli  by  the  in¬ 
spired  air. 


The  Spleen 

The  spleen  is  an  organ  about  the  size  of  the  fist  situated  in  the 
abdomen  behind  the  stomach  and  above,  but  to  some  extent 

9  The  smaller  phagocytic  cells  of  the  blood,  namely  the  neutrophils,  are  some- 

times  referred  to  as 
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overlapping,  the  left  kidney.  It  contains,  under  ordinary  cir¬ 
cumstances,  a  relatively  large  amount  of  blood  which  ,  iS' held 
in  spaces  (sinuses)  lined  by  cells  belonging  to  the  reticulo¬ 
endothelial  system.  The  blood  is  delivered  into  the  substance 
of  the  spleen  (splenic  pulp)  by  small  arteries.  It  then  percolates 
into  the  sinuses  through  gaps  between  the  cells  forming  the 


Fig.  3-21.  Macrophages  containing  phagocytosed 
carbon  grains  (left)  and  a  red  blood  corpusle 
{right). 

latter’s  walls  (see  PI.  3  B).  The  sinuses  are  drained  by  veins 
through  which  the  blood  is  conveyed  to  the  portal  vein  and 
thence  to  the  liver.  Dotted  throughout  the  spleen  like  islands, 
and  surrounded  by  the  pulp,  are  small  lighter-colored  areas 
composed  of  lymphoid  tissue.  These  are  the  corpuscles  of 
Malpighi  (an  Italian  anatomist  of  the  seventeenth  century  who 
first  described  them).  Each  of  these  areas  is  pierced  near  its 
center  by  a  small  blood  vessel.  The  capsule  of  the  spleen  con¬ 
tains  smooth  muscle;  smooth  muscle  also  penetrates  its  sub¬ 
stance. 
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The  spleen  is  known  to  possess  three  important  functions. 

I.  Blood  rescrvom  It  serves  as  a  reservoir  for  blood  which 
can'  be  drawn  upon  to  augment  the  blood  volume  when  the 
need  arises/^  The  blood  held  by  the  spleen  has  a  higher  con¬ 
centration  of  red  cells  than  the  blood  of  the  general  circula¬ 
tion,  so  that,  when  the  organ  contracts,  not  only  is  the  total 
volume  of  circulating  blood  increased,  but  the  number  of  cells 
per  cubic  millimeter  of  blood  is  also  raised.  The  several  con- 


Fig.  3-22  Changes  in 
volume  of  spleen  as  a  re¬ 
sult  of  emotional  excite¬ 
ment  (after  Barcroft). 
Sketch  on  left,  R,  rest;  C, 
dog  sees  cat.  The  num¬ 
bers  represent  the  relative 
sizes  of  the  dog’s  spleen. 

Sketch  on  right, _ _ 

rest; - smells  cat; 

.  hears  cat; - 

sees  cat;  -  chases 

cat 


ditions  which  cause  the  spleen  to  contract  are,  a  rise  in  environ¬ 
mental  temperature,  strenuous  muscular  exercise,  emotional 
excitement  (fright,  rage,  etc.),  carbon  monoxide  poisoning, 
hemorrhage,  and  rarefied  atmospheres.  The  immediate  stimu¬ 
lus  to  splenic  contraction  in  the  last  three  conditions  is  a  low 
oxygen  tension  in  the  blood,  but  its  great  sensitivity  to  nervous 
influence  is  illustrated  by  the  observation  that  even  a  sudden 
sound,  e.g.,  the  slamming  of  a  door,  will  cause  it  to  contract 
(see  Fig.  3"22).  The  spleen  also  shows  spontaneous  rhythmical 
contractions  at  the  rate  of  about  two  per  minute  (Fig.  3-23). 
The  small  changes  in  blood  volume  which  such  movements 
induce  cause,  corresponding  variations  in  the  blood  pressure. 
The  value  of  the  organ  in  certain  emergencies  associated  with 
a  need  for  an  additional  supply  of  red  cells  is  evident  from  an 
experiment  performed  by  Professor  Barcroft  of  Cambridge 
University  upon  guinea-pigs.  Two  groups  of  animals  were 


«  Experiments  upon  animals  indicate  that  as  much  as  25  per  cent  of  the  normal 
blood  volume  may  be  added  to  the  circulation  by  contraction  of  the  spleen. 
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exposed  to  carbon  monoxide  gas.  The  concentration  of  gas  in 
the  atmosphere,  and  the  length  of  exposure  were  the  same  for 
both  groups.  The  animals  of  one  group,  however,  had  had 
their  spleens  removed;  these  animals  died,  whereas  those  of  the 
other  group  which  had  not  been  operated  upon  survived. 

2«  Destmction  of  damaged  red  cells*  This  function  depends 
upon  the  presence  of  the  large  phagocytic'  cells  (macrophages) 
already  mentioned  under  the  section  on  the  reticulo-cndothelial 
system.  Healthy  red  cells  appear  to  be  immune  to  attack  from 


Fig.  3-23  Showiiig  effect  of  splenic  contractions  on  arterial  blood  pres¬ 
sure;  S.V.  =  splenic  volume.  B.P.  =  general  arterial  blood  pressure. 

T  ==  time,  5  sec.  B  =  baseline  at  40  mm.Hg.  Spleen  in  plethysmo- 
graph;  a,  before  clamping  splenic  vessels,  b,  after  clamping  vessels,  c, 
after  removal  of  clamp.  (From  Barcroft  and  Nisimaru.) 

these  scavenger  cells,  but  cells  which  have  outlived  their  useful¬ 
ness,  or  those  whose  structure  is  in  some  way  abnormal,  are 
readily  disposed  of.  Fragments  of  red  cells  which  have  broken 
up  in  the  blood  stream  are  also  ingested  by  the  macrophages  of 
the  spleen. 

3.  The  formation  of  lymphocytes.  The  lymphoid  tissue  of 
the  spleen,  like  similar  tissue  in  other  situations,  lymph  nodes, 
etc.,  manufactures  lymphocytes.  In  embryonic  life,  eryth¬ 
rocytes  and  granulocytes  are  also  formed  in  the  spleen,  but  its 
ability  to  produce  these  types  of  blood  cells  ceases  a  little  time 
before  birth. 

The  spleen  probably  possesses  other  functions  which  have  not 
yet  been  discovered.  It  exercises  certain  functions,  e.g.,  bile 
pigment  production  and  antibody  formation,  by  virtue  of  the 
large  numbers  of  reticulo-endothelial  elements  which  it  con¬ 
tains.  It  has  not  been  demonstrated  to  possess  an  endocrine 
function  (p.  442).  That  it  is  an  important  organ  and  guards 
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the  welfare  of  its  possessor  in  several  ways  is  undoubted. 
Nevertheless,  it  is  not  essential  to  life  under  ordinary  circum¬ 
stances,  for  when  excised  it  is  scarcely  missed.  Excision  of  the 
spleen  (splenectomy)  is  practiced  for  certain  hemorrhagic  dis¬ 
eases  in  which  the  platelets  are  reduced  in  number,  presuma¬ 
bly  as  a  result  of  some  abnormal  action  which  it  exerts  upon 
these  blood  elements.  Splenectomy  is  also  performed  for  a 
type  of  hemolytic  anemia  in  which  the  red  cells  are  more 
fragile  than  normal.  The  spleen  appears  to  be  in  some  way 
responsible  for  the  increased  fragility  of  the  cells,  for,  following 
its  removal,  the  anemia  is  usually  cured  or  greatly  improved. 

Though  no  ill  efFects  have  ever  been  observed  in  man  to 
follow  removal  of  the  spleen,  yet  from  the  results  of  experi¬ 
ments  upon  animals  it  is  probable  that  in  certain  emergencies, 
e.g.,  hemorrhage,  gas  poisoning,  or  surgical  shock,  a  person 
deprived  of  his  spleen  would  not  have  quite  as  good  a  chance 
of  survival  as  would  one  with  his  spleen  intact. 

The  Lymph  and  the  Lymphatic  System 

The  formation  and  composition  of  lymph.  The  tissue  fluid, 
as  explained  elsewhere,  is  derived  from  the  blood  plasma..  A 
large  part  of  the  fluid  which  leaves  the  arterial  end  of  the  capil¬ 
lary  is  returned  to  the  circulation  through  the  capillary  near  its 
venous  end.  But  the  tissue  spaces,  as  well  as  being  in  relation 
to  the  blood  capillaries,  are  also  drained  by  fine  capillary  vessels 
called  lymphatics.  Whereas  the  fluid  reabsorbed  by  the  blood 
capillaries  is  an  aqueous  solution  of  crystalloids  (inorganic  salts, 
sugar,  urea,  etc.),  the  fluid  which  passes  into  the  lymph  vessels 
contains  some  plasma  protein  as  well.  Small  colloidal  particles, 
such  as  those  of  India  ink  and  other  dyes  which  may  have  en¬ 
tered  the  tissue  spaces  from  the  blood,  are  also  taken  up  by  the 
lymphatics.  Such  particles  do  not  return  to  the  circulation 
through  the  walls  of  the  blood  capillaries.  The  fluid  in  the 
lymphatic  vessels  is  called  lymph,  but  it  is  almost  identical  in 
composition  with  the  tissue  fluid.  Lymph  contains  the  same 
constitutents  as  are  found  in  blood  plasma,  though  in  different 


THE  LYMPHATIC  SYSTEM  IO3 


Fig,  3-24  On  left,  above, 
thoracic  duct  (a)  opening 
into  left  subclavian  vein 
{h)'^  (c)  internal  jugular 
vein;  on  right,  above,  the 
main  lymphatic  vessels  of 
the  upper  limb;  {d) 
lymph  nodes.  Below, 
main  lymphatics  of  the 
lower  limb;  (/)  lymph 
nodes  in  the  groin;  (g) 
nodes  (dotted  outline)  at 
the '  back  of  the  knee. 


concentrations.  It  contains  the  three  plasma  proteins,  but  the 
total  protein  concentration  is  between  3  and  4  per  cent  as  com¬ 
pared  with  around  7  per  cent  for  plasma.  The  calcium  and 
total  phosphorus  are  both  lower  than  in  the  plasma;  the  other 
constituents,  e.g.,  sodium,  potassium,  magnesium,  chlorine, 
sugar,  urea,  etc.,  are  in  about  the  same  concentrations  in  the 
two  fluids.  Lymph  contains  numerous  lymphocytes,  an  odd 
granulocyte,  but  very  few  or  no  red  cells,  under  normal  cir¬ 
cumstances.  The  lymphocyte  count  varies  considerably  in  dif- 
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ferent  specimens  of  lymph  from  i,ooo  to  20,000  per  cubic  milli¬ 
meter. 

The  lymph  vessels  (lymphatics).  The  lymphatic  system 
commences  at  the  periphery  in  a  network  of  fine  vessels.  Such 
vessels  are  found  in  the  skin  (see  Fig.  3-24)  and  subcutaneous 


tissues,  and  in  the  connective  tissues  of  muscles  and  of  the 
abdominal  and  thoracic  viscera.  Those  in  the  villi  of  the  small 
intestine  are  called  lacteah.  Through  them  a  large  proportion 
of  the  fat  of  the  food  is  absorbed  into  the  circulation,  thdr 
name  having  been  suggested  by  the  milky  appearance  of  their 
contents  (usually  referred  to  as  the  chyle)  after  a  meal  of  fat. 
The  lymph  capillaries  join  to  form  larger  vessels  which  ulti¬ 
mately  form  two  main  trunks  — the  thoracic  duct  and  the 
lymphatic  duct.  The  former  receives  all  the  lymph  of 
the  body  except  that  from  the  right  side  of  the  head,  neck  and 
thoracic  wall,  right  arm,  right  lung,  right  side  of  the  heart  and 
upper  surface  of  the  liver.  Lymphatics  of  these  parts  drain  into 
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the  right  lymphatic  duct.  Each  of  these  large  vessels  opens  into 
the  subclavian  vein  of  the  corresponding  side  of  the  body  (see 

Fig-  3-24)-  '  .  .  . 

The  lymph  nodes  (or  glands).  At  certain  strategic  points  in 
the  course  of  the  medium-sized  lymph  vessels  are  situated 
small  ovoid  or  round  structures  composed  of  lymphoid  tissue. 
These  are  the  lymph  nodes  (Fig.  Fhe  lymph  in  its 

course  from  the  tissue  spaces  to  the  point  where  it  is  returned  to 
the  blood  must  pass  through  the  lymph  nodes,  which  act,  in  a 
sense,  as  filters;  any  bacteria  which  enter  the  lymph  current 
and  would,  otherwise,  enter  the  blood  stream  are  thus  removed. 
In  the  upper  part  of  the  body  lymph  nodes  are  situated  in  the 
subcutaneous  tissue  on  the  inside  of  the  front  of  the  elbow  joint 
(Fig.  3-24),  in  the  armpit,  behind  the  ear,  and  running  down 
either  side  of  the  neck.  Those  in  the  armpit  and  at  the  elbow 
drain  lymph  from  the  hand,  those  of  the  neck  receive  lymph 
from  the  head  and  throat.  A  group  of  lymph  nodes  can  be 
felt  as  hard  shot-like  objects  in  the  groin;  they  receive  lymph 
from  the  external  genital  organs  and  lower  limbs.  Another 
group  of  lymph  nodes,  situated  behind  the  knee,  drain  lymph 
from  the  foot  and  leg.  Lymph  nodes  are  also  situated  more 
deeply  in  the  tissues  of  the  neck  and  limbs,  as  well  as  along  the 
course  of  the  lymph  vessels  draining  the  viscera.  When  the 
hand  or  foot  is  infected,  the  lymph  glands  at  the  elbow  and 
armpit  in  the  one  instance,  and  at  the  knee  or  in  the  groin  in 
the  other,  may  become  inflamed  and  swollen  as  a  result  of 
bacteria  or  their  products  which  have  been  carried  upward  by 
the  lymph  current.  In  septic  conditions  of  the  scalp,  throat  or 
ear,  the  nodes  receiving  lymph  from  the  infected  area  become 
similarly  involved.  Within  the  nodes,  bacteria  are  attacked  by 
leucocytes  and  other  phagocytic  cells.  The  lymph  nodes  must, 
therefore,  be  looked  upon  as  important  elements  of  defense 
against  the  invasion  of  the  blood  by  microorganisms  travelling 
along  the  lymphatic  channels.  They  constitute  a  second  de¬ 
fense  line,,  the  phagocytic  cells  at,  the  primary  site  of  infection 
bearing  the  first  shock  of  the  attack. 

The  lymph  nodes,  and  other  collections  of  lymphoid  tissue 
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in  the  spleen,  intestinal  walls  (Peyer’s  patches),  tonsils,  etc.,  are 
also  hemopoietic  organs,  their  functions  in  this  regard  being 
confined,  however,  in  most  animals  and  in  man  to  the  manu¬ 
facture  of  lymphocytes. 

Edema.  An  increase  in  the  quantity  of  tissue  fluid  to  the 
point  where  it  causes  a  readily  detectable  increase  in  volume  of 
a  part  is  called  edema.  It  is  most  frequently  seen  in  the  skin 
and  subcutaneous  tissues,  as  a  symptom  of  heart  or  of  kidney 
disease.  When  the  edema  is  well  marked,  the  skin  appears 
“  puffy,”  and,  when  one  presses  it  with  a  finger,  a  dent  or  pit 
is  left  which  takes  a  little  time  to  level  up  again. 

Edema  is  due  to  an  imbalance  of  those  factors  regulating  the 
interchange  of  fluids  between  the  vessels  and  the  tissue  spaces 
(see  p.  65).  It  may  result,  therefore,  from  any  of  the  follow¬ 
ing  causes,  (a)  increased  capillary  pressure,  as  m  heart  disease, 
(b)  reduced  plasma  osmotic  pressure,  as  in  chronic  kidney  dis¬ 
ease,  (c)  increased  permeability  of  the  capillary  wall,  as  in  acute 
kidney  disease  or  as  a  result  of  certain  poisons,  e.g.,  histamine, 
(d)  obstruction  of  the  lymph  channels  (lymphatic  edema). 

Edema  may  be  quite  local  and  form  small,  well-defined, 
raised,  pale  areas  in  the  skin.  Such  occur  in  susceptible  per¬ 
sons  after  eating  certain  foods,  e.g.,  shellfish,  strawberries,  cel¬ 
ery,  etc.  The  condition  is  urticaria,  and  known  popu¬ 

larly  as  hives. 

The  Coagulation  of  Blood  and  Lymph 

If  blood  is  collected  in  a  test-tube  it  will  be  found  after  5  or  6 
minutes  to  have  set  into  a  jelly.  The  tube  may  be  inverted,  but 
the  blood,  which  is  now  said  to  have  clotted  or  coagulated,  does 
not  flow.  When  a  section  of  this  clot  is  examined  under  the 
m^roscope  it  is  found  to  be  composed  of  a  tangled  mesh  of  very 
delicate  fibrils  among  which  are  entrapped,  as  in  a  net,  eryth¬ 
rocytes,  leucocytes,  and  many  fragmented  platelets.  The  fila¬ 
ments  are  composed  of  fUartn,  an  insoluble  gel  (p.  20)  form 
of  fibrinogen  produced  during  the  clotting  process.  They  may 
be  seen  in  many  places  to  radiate  from  centers  formed  of  plate- 
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lets.  If  the  clot  be  allowed  to  stand  for  a  while,  it  undergoes 
shrinkage,  and,  as  it  shrinks,  expresses  from  its  meshes  a  clear 
faintly  straw-colored  fluid.  This  clear  fluid  is  the  serum  (PI. 
i).  The  serum  remains  fluid  indefinitely;  it  is  quite  inca¬ 
pable  of  clotting,  for  it  contains  no  fibrinogen.  Plasma  sep¬ 
arated  from  the  blood  cells  by  centrifuging,  clots  in  a  way 
similar  to  that  of  whole  blood  and  expresses  the  clear  serum. 
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Fig.  3-26  Showing  the  cells,  platelets  and  fibrin 
threads  in  a  blood-clot.  Highly  magnified. 


The  clot  is  white,  since  it  contains  no  cells,  but  except  for  this 
difference  it  is  identical  with  that  formed  in  whole  blood.  The 
clotting  process  is  essentially,  therefore,  a  phenomenon  of  the 
plasma.  Lymph  also  clots  though  somewhat  more  slowly  and 
less  firmly  than  does  blood  or  plasma. 

The  clotting  mechanism.  Four  substances  are  necessary  for 
the  coagulation  of  blood:  prothrombin,  thromboplastin,  cal¬ 
cium,  and  fibrinogen.  Prothrombin  gives  rise  to  thrombin, 
an  enzyme.  Fibrinogen,  prothrombin,  and  calcium  are  present 
in  circulating  blood.  Thromboplastin  (a  lipid  or  fat-like  com¬ 
pound  containing  phosphorus)  is  widely  distributed  through¬ 
out  the  tissues,  the  lung  and  brain  being  especially  rich  in  this 
factor.  It  is  absent  or  present  in  only  small  quantities  in  blood 
plasma.  When  blood  is  shed,  thromboplastin  is  liberated  from 
injured  tissue  and  probably  also  from  the  leucocytes  of  the  blood 
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itself.  The  thromboplastin,  acting  upon  the  prothrombin  in 
the  presence  of  calcium,  in  an  ionized  form,  converts  it  to  the 
active  thrombin.  Thrombin  acts  in  turn  upon  the  soluble  pro¬ 
tein  fibrinogen,  converting  it  to  insoluble  fibrin  which,  as  men¬ 
tioned  above,  is  deposited  as  fine  threads  to  form  the  framework 
of  the  clot  (Fig.  3-26). 

The  foregoing  is  a  description  of  the  clotting  mechanism  in 
the  simplest  possible  terms.  The  chief  factors  are  summarized 
in  the  following  scheme. 

Prothrombin  -f  calcium  +  thromboplastin  =  thrombin 
(inactive)  (active) 

Thrombin  -f  fibrinogen  =  fibrin 

(soluble)  (threads) 

The  mechanism  of  blood  coagulation  has  been  found  to  be 
most  complex  and  several  details  have  been  omitted  from  the 
above  scheme;  one  of  the  more  important  of  these  concerns  a 
globulin  in  the  plasma  which  accelerates  the  conversion  of 
prothrombin  to  thrombin.  This  factor  has  been  named  the 
plasma  accelerator  globulin  or,  briefly,  plasma  AC  globulin. 

Blood  does  not  clot  in  the  living  body  because  there  is  not 
suflScient  free  thromboplastin  to  convert  the  inactive  prothrom- 
bm  into  the  active  thrombin.  Clotting  within  the  vessels  is 
further  guarded  against  by  the  presence  in  the  blood  plasma  of 
a  substance  which  neutralizes  the  action  of  any  thrombin  which 
might  be  present.  This  antagonist  to  thrombin  is  called  the 
normal  antithrombin  of  plasma.  When,  however,  blood  es¬ 
capes  from  a  cut  vessel  and  flows  from  a  wound,  thrombo¬ 
plastin  is  liberated  from  the  damaged  tissue  cells  and  also  from 
disintegrated  platelets.  Thus  the  clotting  process  is  immedi¬ 
ately  initiated. 

Anticoagulants.  Substances  which  prevent  the  coagjulation 
of  blood  are  called  anticoagulants.  Among  such  are  sodium  or 
potassium  oxalate,  fluorides,  citrates,  certain  neutral  salts,  e.g., 
sodium  and  magnesium  sulphates,  hirudin  and  heparin.  ’  The 
oxalate^  act  by  precipitating  the  calcium  of  the  blood  which,  as 
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mentioned  above,  is  required  for  the  formation  of  thrombin. 
Fluorides  and  citrates  form  soluble  compounds  with  the  cal¬ 
cium,  but  the  latter,  in  so  far  as  the  clotting  process  is  con¬ 
cerned,  is  in  an  inactive  form  (un-ionized)^  Hirudin  is  a  mate¬ 
rial  secreted  by  the  mouth  glands  of  the  leech.  It  prevents  the 
blood  of  the  parasite’s  host  from  coagulating  while  it  is  being 
sucked.  Hirudin  is  prepared  commercially  for  use,  chiefly,  in 
physiological  experiments;  heparin,  however,  has  largely  taken 
its  place. 

Heparin  (hepar  =  liver)  is  an  anticoagulant  of  special  inter¬ 
est,  since  it  is  found  in  mammalian  liver,  lung,  muscle  and 
other  tissues.  It  is  very  powerfully  anticoagulant,  i  milligram 
of  a  highly  purified  preparation  being  capable  of  preventing 
for  24  hours  the  coagulation  of  500  cc.  of  blood,  if  kept  at  a 
temperature  of  about  50 F. 

A  substance  known  as  dicoumarin  has  recently  been  isolated 
from  spoiled  sweet  clover.  This  material  has  been  responsible 
in  the  past  for  a  fatal  hemorrhagic  disease  occurring  in  farm 
animals  which  have  been  fed  upon  spoiled  clover.  Dicou¬ 
marin  produces  its  efiect  by  reducing  the  prothrombin  concen¬ 
tration  of  the  blood  to  such  a  low  level  that  clotting  cannot 
occur.  Prothrombin  is  produced  in  the  liver,  and  it  is  probable 
that  the  poison  damages  this  organ  and  interferes  in  some  way 
with  prothrombin  production. 

A  low  prothrombin  concentration  of  the  blood  and  a  tend¬ 
ency  to  bleed  is  associated  in  some  animal  species  with  a  di¬ 
etary  lack  of  a  vitamin  found  in  certain  green  foods,  e.g.,  al¬ 
falfa,  spinach,  cabbage,  etc.  This  is  known  as  vitamin  K,  or 
the  antihemorrhagic  vitamin  (see  p.  435). 

The  concentration  of  prothrombin  in  the  blood  of  the  new¬ 
born  child  is  frequently  much  below  the  normal  level,  due  ap¬ 
parently  to  a  lack  of  vitamin  K  in  the  mother’s  diet.  It  is  un¬ 
usual,  however,  for  this  to  be  a  cause  of  bleeding,  because  when 
the  baby  is  fed,  the  bacteria  introduced  into  the  intestine  with 
the  food  are  capable  of  synthesizing  the  antihemorrhagic  vi¬ 
tamin.  Sometimes,  however,  the  prothrombin  level  of  the  in¬ 
fant’s  blood  is  so  low  at  birth  that  it  cannot  be  raised  to  nor- 
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mal  before  a  grave  hemorrhagic  state  —  hemorrhagic  disease 
of  the  new  born  —  supervenes.  It  is  treated  by  the  intravenous 
administration  of  synthetic  vitamin  K. 

The  essential  importance  of  prothrombin  in  the  clotting 
mechanism  is  clearly  evident  from  the  foregoing  account  of  its 
presence  in  low  concentration.  We  have  also  seen  that  after 
ionized  calcium  has  been  removed  from  the  blood  by  oxalate, 
or  other  means,  clotting  is  entirely  prevented. 

The  indispensability  of  the  two  other  primary  factors  in  the 
clotting  process,  namely,  thromboplastin  and  fibrinogen,  may 
be  illustrated  by  the  following  observations.  Thromboplastin, 
as  mentioned  above,  is  derived  from  tissue  cells  and  from  dam¬ 
aged  cells  in  the  blood  itself.  If  the  blood  is  drawn  by  means 
of  a  syringe  directly  from  a  blood  vessel  into  a  clean  glass 
container  made  smooth  by  a  coating  of  liquid  paraffin  or  of 
a  solution  of  silicone,  the  cells  remain  largely  intact.  For 
this  reason,  and  because  the  blood  does  not  come  into  con¬ 
tact  with  the  tissues,  it  receives  a  minimum  quantity  of  throm¬ 
boplastin  and  as  a  consequence  clots  much  more  slowly  than 
usual.  The  experiment  of  the  “  living  test  tube  ”  also  demon¬ 
strates  the  indispensability  of  thromboplastin  for  the  clotting 
of  blood.  When  a  short  section  of  the  jugular  vein  in  the 
living  animal  is  isolated  by  ligatures  from  the  rest  of  the  ves¬ 
sel  and  removed,  the  blood  within  it,  since  it  remains  undis¬ 
turbed  and  in  contact  with  the  smooth  and  uninjured  lining 
of  the  vein’s  wall,  does  not  clot  for  many  hours. 

Defibrinated  blood  is  blood  from  which  the  fibrinogen  has 
been  removed  as  fibrin;  it  is  incapable  of  forming  a  clot.  De¬ 
fibrination  is  carried  out  by  whipping  the  blood  with  a  bundle 
of  thin  twigs  or  wires.  As  clotting  occurs  the  fibrin  collects 
upon  the  twigs  and  can  in  this  way  be  removed,  leaving  only 
the  serum  and  cells. 

The  mechanism  underlying  the  clotting  of  the  blood  is  chem¬ 
ical  in  nature,  and,  like  other  chemical  reactions,  is  slowed  by 
lowering  the  temperature  and  hastened  by  warming.  Blood 
placed  in  the  ice-chest  immediately  after  it  has  been  shed  may 
remain  fluid  for  2  or  3  hours. 
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Means  used  to  hasten  coagulation.  The  coagulation  of 
blood  as  it  issues  from  a  wound  can  be  accelerated  by  several 
measures.  Heat,  powder  dusted  on  the  wound,  tissue  extracts 
(containing  thromboplastin),  a  preparation  of  thrombin,  and 
various  chemicals  (known  from  their  action  in  this  regard  as 
styptics  or  hemostatics)  accelerate  the  clotting  process.  Among 
the  latter  are  alum,  ferric  chloride,  zinc  chloride,  and  silver 
nitrate.  Such  substances  arrest  bleeding  in  two  ways;  they 
hasten  clotting  of  the  blood  through  the  precipitation  of  the 
plasma  proteins  which,  by  forming  a  sticky  mass,  mechanically 
impede  the  flow  of  blood  and  thus  favor  platelet  disintegration; 
they  also  cause  constriction  of  the  walls  of  the  small  bleeding 
vessels.  Certain  physiological  conditions  hasten  coagulation. 
Blood  shed  after  muscular  exercise  or  emotional  excitement 
clots  more  quickly  than  usual  owing  to  the  discharge  of  adrenal¬ 
ine  into  the  circulation  (p.  461).  Adrenaline  injected  into  the 
body  also  causes  a  sample  of  blood,  drawn  shortly  after  the  in¬ 
jection,  to  clot  more  quickly,  but  no  such  effect  results  from  add¬ 
ing  adrenaline  to  blood  outside  the  body,^^  or  by  applying  it  to 
a  bleeding  vessel.  In  the  latter  instance,  however,  adrenaline 
tends  to  stop  the  bleeding  by  constricting  the  small  vessels  with 
which  it  comes  into  contact.  Thus,  superficial  bleeding  or  slow 
oozing  of  blood  is  very  quickly  arrested.  The  arrest  of  bleed¬ 
ing  either  by  hastening  coagulation  of  the  blood  or  by  con¬ 
striction  of  the  bleeding  vessels  is  called  hemostasis. 

Coagulation  time  and  bleeding  time.  The  coagulation  time 
is  defined  as  the  length  of  time,  in  minutes,  measured  from  the 
moment  the  blood  sample  is  collected  to  the  appearance  of  the 
first  definite  sign  of  clotting.  Several  methods  for  determining 
this  interval  have  been  devised.  The  simplest  is  that  of  Howell, 
which  consists- in  collecting  the  blood  in  a  small  test  tube 
coated  inside  with  liquid  paraffin,  and  gently  tilting  the  tube 
every  20  seconds  or  so  until  the  blood  is  no  longer  liquid  —  that 

The  fact  that  adrenaline  hastens  the  coagulation  of  the  blood  if  injected  into  the 
body,  but  not  when  added  to  blood  in  a  test  tube,  strongly  suggests  that  it  act.*},  not 
directly  upon  the  clotting  mechanism,  but  only  through  some  other  structure,  possibly 
a  ductless  gland,  causing  it  to  secrete  a  principle  which  exerts  a  direct  coagulant 
action. 
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is,  when  the  line  of  its  surface  no  longer  changes  freely  with 
tilting. 

The  bleeding  time  is  measured  by  pricking  the  base  of  the 
fingernail  and  when  a  drop  of  blood  appears,  dabbing  it 
lightly  from  time  to  time  with  small  pieces  of  filter  paper.  The 
time  from  the  appearance  of  the  drop  of  blood,  to  when  the 
filter  paper  is  no  longer  stained,  is  taken  as  the  bleeding  time. 

Hemorrhagic  States  Due  to  Failure 
of  the  Clotting  Mechanism 

In  rare  instances  a  deficiency  of  fibrinogen  is  the  cause  of  the 
blood  failing  to  form  a  firm  clot,  with  the  result  that  severe 
hemorrhage  may  follow  a  wound  which  in  a  normal  person 
would  be  of  little  concern.  It  is  a  very  common  practice  to  give ' 
calcium  in  the  belief  that  it  will  promote  coagulation  of  the 
blood  in  hemorrhagic  states.  It  appears,  however,  that  the  blood 
is  never  so  low  in  calcium  that  clotting  fails.  Contrary  to  what 
might  be  expected,  a  hemorrhagic  tendency  is  never  due  to  a 
low  concentration  of  calcium  in  the  blood.  Certain  serious  ef¬ 
fects  (e.g.,  tetany)  ensue  before  the  blood  calcium  is  reduced  to 
the  point  where  the  clotting  mechanism  is  interfered  with. 
The  common  use  of  calcium  to  promote  the  coagulation  of  the 
blood  in  hemorrhagic  states  is  therefore  without  any  scientific 
foundation. 

A  depression  of  the  prothrombin  of  the  blood  (hypopro- 
thrombinemia)  is  one  of  the  commonest  defects  of  the  clotting 
mechanism.  The  tendency  to  bleed  in  obstructive  jaundice 
and,  as  already  mentioned  on  page  368,  in  the  hemorrhagic 
state  of  cattle  fed  upon  spoiled  clover,  as  well  as  in  the  hemor- 
thagic  disease  of  the  new  born,  is  due  to  this  cause. 

In  obstructive  jaundice,  bile,  which  is  an  essential  for  the 
absorption  of  vitamin  K,  docs  not  reach  the  intestine.  The 
body  fails,  therefore,  to  secure  the  vitamin  required  for  the 
manufacture  of  prothrombin.  . 

Hemophilia.  Hemophilia  is  a  disease  in  which  the  blood 
takes  an  abnormally  long  time  to  clot.  The  blood  of  a  normal 
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person  clots  within  5  or  6  minutes  after  its  withdrawal  from 
the  body.  In  hemophilia  the  blood  may  remain  fluid  for  an 
hour  or  more.  There  is  grave  danger,  therefore,  of  a  person 
afflicted  with  this  disease  bleeding  to  death,  even  from  a  trivial 
wound.  Hemophilia  is  hereditary  but  it  occurs  solely  in  males 
and  is  transmitted  only  by  females.  This  sex-linked  type  of  he¬ 
redity  is  also  seen  in  the  case  of  color  blindness. 

The  manner  in  which  the  disease  is  carried  from  generation 
to  generation  may  be  illustrated  by  an  example.  If  a  man  suf¬ 
fering  from  hemophilia  —  commonly  known  as  a  bleeder 
marries  a  normal  woman,  none  of  the  offspring  of  the  union 
will  show  the  disease.  The  daughters,  nevertheless,  but  not 
the  sons,  will,  when  they  marry,  transmit  the  disease  to  their 
sons,  but  not  to  their  daughters.  The  latter,  however,  can 
transmit  it.  The  disease,  therefore,  skips  a  generation,  a 
bleeder  inheriting  it  from  his  mother’s  male  forebears.  Thus: 

Bleeder  Father 

1  r  1  ^ 

Son  O  ^  Daughter  T 

I  ^  T  1  ^ 

Son  B  ,  Daughter  T 

, - ^  I - j 

Son  O  Daughter  T  Son  B  Daughter  T 

B  means  a  bleeder;  O  means  not  a  bleeder;  T  means  a  trans¬ 
mitter  but  not  a  bleeder. 

What  part  of  the  clotting  mechanism  is  at  fault  in  this  dis¬ 
ease  is  uncertain,  but  there  appears  to  be  some  defect  in  the 
mechanism  which  brings  about  the  disintegration  of  the  plate¬ 
lets.  The  required  amoimt  of  thromboplastin  is  not  provided. 
The  coagulation  time  in  hemophilia  is  greatly  prolonged. 
Bleeding  due  to  this  disease  is  treated  most  successfully  by 
blood  transfusions. 

Purpura.  Purpura  is  another  hemorrhagic  disease,  in  which 
blood  leaks  from  the  small  vessels  of  the  skin  and  mucous 
membranes.  When  the  hemorrhages  arc  from  the  cutaneous 
vessels,  the  skin  is  discolored  by  small  purplish  patches.  Spmc 
defect  in  the  capillary  walls  and  a  reduction  in  the  number  of 
thrombocytes  appear  to  be  the  chief  factors  concerned  in  the 
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production  of  the  disease.  The  coagulation  time  is  within 

normal  limits  but  the  bleeding  time  is  prolonged.  One  severe 
type  of  purpura  is  apparently  due  to  some  destructive  action 
of  the  spleen  ujpon  the  platelets.  Removal  of  the  spleen  is  fol¬ 
lowed  in  most  instances  by  an  increase  in  the  platelet  count  and 

a  cessation  of  the  hemorrhages. 

The  Regulation  of  the  Reaction  of  the  Blood  and  Other 
Body  Fluids 

The  acidity  or  alkalinity  of  a  solution  is  dependent  upon  its 
concentrations  in  hydrogen  ions  (H'*')  and  hydroxyl  ions 
(OH  ),  that  is,  upon  the  degree  to  which  the  molecules  in  the 
solution  are  dissociated  into  their  constituent  ions.  A  tenth 
normal  solution  of  hydrochloric  acid  (H+Cr),  for  example, 
contains  a  high  concentration  of  hydrogen  ions,  whereas  the 
hydrogen  ion  concentration  of  a  tenth  normal  solution  of 
acetic  acid  is  very  much  lower  (see  Table  3,  p.  15).  The  acid 
properties  of  hydrochloric  acid  are,  therefore,  much  greater 
than  those  of  acetic  acid.  Similarly,  a  tenth  normal  solution  of 
sodium  hydroxide  (Na^OH~)  has  a  much  higher  concentra¬ 
tion  in  hydroxyl  ions  than  has  a  tenth  normal  solution  of  so¬ 
dium  bicarbonate.  The  former  solution  is  therefore  more  alka¬ 
line.  It  must  be  emphasized  that  it  is  the  concentration  of  the 
hydrogen  ion,  i.e.,  the  extent  to  which  the  molecule  is  dissoci¬ 
ated,  and  not  the  total  number  of  hydrogen  atoms  which  deter¬ 
mines  the  acid  reaction.  Thus,  HCl  though  it  contains  only 
one  hydrogen  atom  in  its  molecule  undergoes  almost  complete 
dissociation  into  H'*'  and  Cl~  and  is,  in  consequence,  a  much 
stronger  acid  than  acetic,  whose  molecules  dissociate  to  a  rela¬ 
tively  small  extent.  Water  undergoes  dissociation  to  a  very- 
slight  degree  into  H+  and  OH-.  The  ionized  hydrogen  in  a 
liter  of  water  is  0.0000001  gram,  or  more  conveniently  expressed, 

I  X  10  gram.  We  therefore  say  that  the  H  ion  concentration 

of  water  is  i  X  lo"'  gram  per  liter.  The  symbol  to  the  right 
of  the  fi^e  10  is  termed  the  negative  exponent  or  index,  and 
means  that  to  express  the  value  in  the  form  of  a  decimal  "frac- 
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tion  the  figure  i  must  be  placed  7  places  to  the  right  of  the 
mql  point  (0.0000001).  Expressed  as  a  vulgar  fraction  the  10 

would  be  ioo6\aogo  gram  per  liter. 

Other  examples  of  this  system  of  notation  are: 

means  o.i  or  -5^ 
io“2  “  o.oi  or  xo5 

lo"*  “  0.001  or  so  on 

The  concentration  of  OH  ions  in  water  is  also  i  X  10 
gram  per  liter.  That  is,  the  H^  ions  and  OH  ions  are  in 
equal  concentration;  water  is  therefore  neutral  in  reaction. 
Now  the  -product  of  the  concentrations  of  H  ions  and  OH  ions 
in  water  is  i  X  10“^*  [(i  X  10-’’)  X  (i  X  =  i  X  10 
Furthermore,  in  any  aqueous  solution,  whether  acid,  neutral  or 
alkaline,  the  product  of  the  concentrations  of  H'*'  and  OH 
ions  is  constant  at  i  X  10“^*.  This  means  that  in  an  acid  solu¬ 
tion  the  H'*'  ion  concentration  increases,  whereas  the  OH“  ion 
concentration  is  reduced  reciprocally.  It  is  evident,  then,  that 
in  order  to  express  the  reaction  of  an  aqueous  solution  it  is  not 
necessary  to  give  the  concentrations  of  both  H^  and  OH  ions, 
but  only  of  the  H"^  ion.  The  reaction  of  water  or  any  other 
neutral  solution  is  indicated,  therefore,  by  stating  that  it  has  an 
H"^  ion  concentration  (usually  designated  cH)  of  T  X  10”’. 
The  hydrogen  ion  concentrations  of  alkaline  solutions  are  less 
than  I  X  lo""  — that  is,  i  X  io"\  i  X  IO“■^  i  X  10“^",  and  so 
on,  according  to  the  degree  of  alkalinity.  The  hydrogen  ion 
concentration  of  acid  solutions  is  more  than  i  X  i.e., 
I  X  io“®,  I  X  io“®,  I  X  io~*,  etc. 

To  summarize:  neutral  solutions  have  0.0000001  gram  of 
ionized  hydrogen  per  liter,  i.e.,  a  cH  of  i  X  10“’^. 

Alkaline  solutions  have  a  lower  H+  ion  concentration,  i.e., 
from  I  X  10“^  to  I  X 

Acid  soliitbns  have  a  higher  H"*"  ion  concentration,  i.e.,  from 
I  X  10”^  to  I  Xio“\ 

Within  recent  times  a  more  convenient  method  of  express¬ 
ing  the  hydrogen  ion  concentration  has  been  introduced,  in 
which  the  symbol  pH,  instead  of  cH,  is  used.  Thus  the  ex- 
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pression  cH  X  io~",  indicating  a  neutral  solution,  becomes 
pH  7.  Alkaline  solutions  have  pH’s  ranging  from  pH  7  to 
solutions  from  pH  7  to  pH  i.  It  will  be  observed 
that  the  lower  die  pH  number  the  higher  is  the  hydrogen  ion 
concentration,  i.e.,  the  less  alkaline  or  the  more  acid  is  the 
solution  (Fig.  3-27).  More  advanced  texts  should  be  consulted 
if  the  reader  wishes  to  understand  the  mathematical  basis  for 

this  meAod  of  expressing  the  hydrogen  ion  concentration  in 
terms  of  pH. 
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3-27  Explanation  in  text 

Artenal  blood  has  a  pH  of  between  7.39  and  7.45.  Venous 
1^  IS  very  slightly  alkaline,  having  a  pH  between  7.37 
and  7^;  the  change  is  due  to  carbon  dioxide  and  small  quan- 
tmes  of  lactic  acid  which  the  blood  absorbs  in  passing  through 

hydrochloric,  etc.)  „c  constantly  being  prodied  & 
result  of  various  metabolic  processS.^  reaSo“ 

nisms  The  three  important  mecha- 

acXr^r  of  constancy  of  re- 

I.  The  elimination  of  CO.  by  the  lungs  (p.  270) 
aa^  [Aeurineis  decidedly 

3-  nc  buffer  systems  of  the  blood  and  other  body  fluids 
Mm  may  be  defined  as  chemical  substances  which  when 

occur  m  tto  solution  when  acid  (or  alkali)  is  added  m  it  An 
amount  of  hydrochloric  acid  which  if  adid  to  water  woi^ 
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cause  a'  pronounced  increase  in  acidity  would,  when  added  to 
blood  or  any  solution  buffered  against  acid,  produce  no  appre¬ 
ciable  change  in  reaction.  It  is  from  this  action  in  buffering 
the  shock,  one  might  say,  of  the  added  acid  that  these  sub¬ 
stances  derive  their  name.  For  example,  when  hydrochloric 
acid  is  poured  into  a  solution  of  sodium  bicarbonate  the  very 
weak  carbonic  acid,  together  with  sodium  chloride,  a  neutral 
salt,  is  produced.  Furthermore,  the  carbonic  acid  is  volatile,  it 
escapes  into  the  atmosphere.  The  result  is  that  little  change  in 
the  reaction  of  the  solution  occurs,  even  though  it  has  received 
relatively  large  amounts  of  the  strong  acid.  The  sodium  bi¬ 
carbonate  acts  as  a  buffer.  Thus: 

CO2 

/ 

HCl  4-  NaHCOs  =  NaCl  +  H2CO3 

Hydrochloric  Sodium  Sodium  Carbonic 

acid  bicarbonate  Chloride  acid 

The  chief  buffer  of  the  plasma  and  tissue  fluids  is  sodium  bi¬ 
carbonate.  A  fixed  acid  such  as  lactic,  formed  during  muscu¬ 
lar  activity,  reacts  with  the  bicarbonate  as  shown  in  the  follow¬ 
ing  equation. 

CO2 

/ 

HLA  NaHCOs  =  NaLA  -t-  H2CO3 

Lactic  Sodium  Sodium  Carbonic 

acid  bicarbonate  lactate  acid 

The  sodium  bicarbonate  of  the  plasma  thus  serves  as  a  store 
of  alkali  available  for  the  protection  of  the  body  against  poi¬ 
soning  with  the  acid  products  of  metabolism.  It  is  therefore 
called  the  al\ali  reserve. 

Other  buffers  of  the  blood  are  the  plasma  proteins  (which 
form  proteinates),  phosphates,  and  the  hemoglobin  within  the 
red  cell.  Hemoglobin  is  a  weak  acid;  it  is  combined  in  the 
red  blood  cells  with  alkali  (potassium)  to  form  potassium  he- 
moglobinate  (KHb).  This  alkali  acts  to  buffer  carbonic  acid 
entering  the  Wood  from  the  tissues.  The  contents  of  the  eryth¬ 
rocytes,  however,  are  separated  from  the  plasma  by  a  semiper- 
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meable  membrane  which  will  not  permit  the  passage  of  K"*", 
Na+  or  Ca+  ions  but  allows  the  free  passage  of  Cl~  HCOa' 
and  other  negative  ions,  as  well  as  the  ion  and  CO2.  When, 
therefore,  the  carbon  dioxide  produced  in  the  tissues  enters  the 


plasma,  the  following  interchange  of  ions  occurs  across  the 
erythrocyte  boundary.  The  carbon  dioxide  (CO2)  diffuses 
reely  mto  the  cell  and,  through  the  action  of  an  enzyme  called 
carbonic  anhydrase,  combines  rapidly  with  H2O  to  form  car¬ 
bonic  acid  (H2CO2).  The  carbonic  acid  being  a  stronger  acid 
than  reduced  hemoglobin  seizes  the  base  combined  with  the 

pigment  to  form  potassium  bicarbonate— KHCO3  — which 

dissociates  into  and  HCO3-  ions.  The  membrane  of  the 
cell  as  just  mentioned  is  permeable  to  HCOa'  ions  but  not 
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to  K'*'  ions.  HCOs”  ions  difiFuse  across  the  cell  boundary  into 
the  plasma;  the  K"''  ions  are  retained.  In  order  to  maintain 
the  balance  between  negative  and  positive  ions  on  the  two 
sides  of  the  cell  membrane  Cl~  ions  derived  from  the  Na’^Cl" 
of  the  plasma  pass  into  the  cell  in  exchange  for  the  HCO,r 
ions  which  pass  out.  In  the  plasma  the  HCOa”  ions  unite  with 
the  Na'*'  ions,  which  had  been  coupled  with  Cl“  ions,  thus 
forming  sodium  bicarbonate  (Na^HCOs-).  The  mechanism 
just  described  is  termed  the  chloride  shift  (see  Fig.  3-28). 

This  mechanism  is  responsible  for  the  phenomenon,  now 
well  recognized,  that  an  increase  in  the  carbon  dioxide  of  the 
plasma  causes  a  rise  in  the  alkali  reserve  (sodium  bicarbonate). 
In  the  lungs,  ionic  interchanges  in  the  reverse  order  occur. 
The  hemoglobin  when  it  becomes  oxygenated  is  a  very  much 
stronger  acid  than  is  reduced  hemoglobin  or  carbonic  acid. 
It  therefore  recaptures  the  alkali  (K+)  bound  to  carbonic  acid. 
The  carbonic  anhydrase,  whose  action  is  now  reversed, de¬ 
composes  the  carbonic  acid  into  carbon  dioxide  (CO2)  and 
water  (H2O).  The  carbon  dioxide  diffuses  out  of  the  cells,  as 
they  traverse  the  capillaries  of  the  lungs,  and  is  exhaled.  The 
concentration  of  HCOs”  ions  within  the  cells  is  reduced  as  a 
result  of  these  reactions.  HCO:r  ions  pass  from  the  plasma 
into  the  cells  and  Cl”  ions  are  transferred  from  the  cells  to  the 
plasma.  The  sodium  bicarbonate  of  the  plasma  is  reduced,  the 
sodium  chloride  increased,  by  the  interchange. 

Acidosis  and  alkalosis.  The  proportion  of  carbonic  acid  to 
sodium  bicarbonate  in  the  plasma  is  about  i  to  20,  thus: 

H2CO3  I 
NaHCOs"^ 

[t  is  upon  this  ratio  that  the  reaction  of  the  blood  largely  de- 
Dends.  Any  shift  in  the  ratio  causes  si  change  in  blood  reac- 
:ion.  If,  for  example,  the  ratio  should  increase,  say,  to  the 
5lood  would  be  more  alkaline.  If  the  ratio  should  be  reduced 
o  the  blood  would  be  less  alkaline.  In  health  the  ratio  re- 
nains  virtually  constant.  The  several  mechanisms  mentioned 

The  action  of  most  enzymes  is  reversible. 
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above  ensure  this  constancy.  If,  for  example,  there  should  be  ' 
a  tendency  for  the  ratio  to  rise,  as  a  result  of  an  increased  pro-  I 
duction  of  carbon  dioxide,  the  bicarbonate  of  the  plasma  in¬ 
creases  through  the  chloride  shift  mechanism.  If,  on  the  other  i 
hand,  the  bicarbonate  is  reduced  owing  to  the  accumulation  of 
fixed  acids  (see  equation,  p.  117),  more  carbon  dioxide  is  ex¬ 
creted  by  the  lungs  and  the  ratio  thus  maintained  at  its  nor¬ 
mal  value. 

In  certain  diseases,  e.g.,  diabetes  and  kidney  disease  (ne¬ 
phritis),  excessive  acid  production  or  reduced  elimination  of 
acid  occurs,  the  bicarbonate  of  the  plasma  becomes  markedly 
reduced  and  a  change  in  the  ratio  may  result.  The  blood  be¬ 
comes  less  alkaline  and  the  alkali  reserve  is  diminished.  The 
condition  is  then  spoken  of  as  acidosis.  The  term  acidosis  is  i 
also  applied  to  the  condition  in  which  the  plasma  bicarbonate 
is  reduced  but  there  is  no  change  in  the  HsCOx/NaHCOs  ratio 
and,  consequently,  no  change  in  blood  reaction.  This  is 
spoken  of  as  compensated  acidosis.  When,  as  in  the  first  men¬ 
tioned  instance,  the  acidosis  is  accompanied  by  a  change  in 
blood  reaction  it  is  said  to  be  uncompensated. 

It  should  be  emphasized  that  the  HsCOs/NaHCOs  ratio 
does  not  vary  from  its  normal  value  of  ^  unless  serious  dis¬ 
ease  exists.  There  are  two  possible  exceptions  to  this  statement. 
First,  in  very  strenuous  muscular  exercise  the  large  quantities 
of  carbon  dioxide  and  lactic  acid  produced  might  result  in  a 
slight  and  temporary  reduction  in  the  alkalinity  of  the  blood. 
Secondly,  forced  breathing  (p.  279)  if  prolonged  may,  through 
the  excessive  loss  of  carbon  dioxide,  cause  the  blood  to  become 
temporarily  slightly  more  alkaline. 

It  should  be  remembered,  moreover,  that  the  blood  practi¬ 
cally  never,  except  in  the  last  stages  of  some  fatal  disease,  be¬ 
comes  actually  acid  in  reaction  —  that  is,  with  a  pH  less  than  7, 
and  rarely  does  it  even  approach  the  neutral  point.  The  range 
of  blood  reaction  compatible  with  life  is  from  about  pH  7.8  to 
6.8.  It  is  quite  evident  then,  that  the  term  acidosis  is  frequently 
used— especially  by  the  advertisers  of  quack  remedies  —  with¬ 
out  any  clear  understanding  of  its  meaning. 
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Alkdosis  is  the  corresponding  term  used  to  denote  an  in¬ 
crease  in  sodium  bicarbonate  with  or  without  a  change  in  the 

HsCOa/NaHCOs  ratio.  As  in  the  case  of  acidosis  it  is  called 
compensated  or  uncompensated,  respectively,  according  to 
whether  or  not  a  change  in  the  ratio  and  so,  of  course,  in  the 
blood  reaction  has  occurred.  Alkalosis  may  result  from  the 
ingestion  of  large  quantities  of  sodium  bicarbonate,  from  per¬ 
sistent  vomiting,  when  hydrochloric  acid  is  removed  in  the 
gastric  juice,  or  from  forced  breathing  when,  as  already  men- 
tioBed,_  unusually  large  quantities  of  carbon  dioxide  are  elimi¬ 
nated. 


5 


Chapter  4 

THE  GIRCULATIGN 
OF  THE  BLOOD 


General  Description  of  the  Circulatory  System 

The  blood  circulates  through  the  body  in  a  completely  closed 
system  consisting  of  a  pump  —  the  heart  —  and  a  network  of 
tubes  —  the  blood  vessels. 

The  heart.  The  heart  is  a  hollow  muscular  organ,  roughly 
cone-shaped,  situated  near  the  center  of  the  thoracic  cavity,  and 
in  close  relation  to  the  lungs.  About  a  third  of  its  bulk  lies  to 
the  right  and  two  thirds  to  the  left  of  the  mid-line  of  the  body. 
The  heart  is  divided  by  partitions  or  septa  into  four  chambers 
—  the  right  and  left  auricles  (or  atri^msA  the  right  and  left 
ventricles.  The  auricles^  are  situated  jmove,  posteriorly,  and  to 
the  right;  the  ventricles  are  situated  below,  more  anteriorly, 
and  ra  the  left.  The  broad  upper  part  of  the  heart  form^  by, 
the  auricles  is  called  the  base.  Its  somewhat  pointed  lowfel:  part 
formed  by  the  left  ventricle  is  called  the  apex;  this  is  directed 
downward,  forward  and,  to  the  left  (Fig.  4-1). 

The  heart  is  enclosed  within  a  delicate  two-layered  mem¬ 
brane  called  the  serous  pericardium e2.ch.  layer  consists  of  a 
single  stratum  of  endothelial  cells.  The  inner  layer,  which  is 
in  contact  with  and  adherent  to  the  heart  muscle,  is  called  the 
epicardium.  The  outer  layer  is  separated  from  the  inner  by  a 
thin  film  of  fluid  and  is  knqjvn  as  the  parietal.,  layer.  The 
potential  space  between  the  two  layers  is  knowtri  as  the  peri- 

1  Auricle,  though  an  older  anatomical  term,  is  still  most  frequently  used  in 
physiology. 


\ . 
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cardial  sac.  A  tougher  fibrous  membrane  —  the  fibrous  peri¬ 
cardium  surrounds  the  serous  pericardium  and  extends  up¬ 
ward  to  blend  with  the  coats  of  the  great  vessels;  it  is  firmly 
attached  in  front  to  the  posterior  aspect  of  the  sternum  and 
below  to  the  central  part  of  the  upper  surface  of  the  diaphragm. 


atrltr^  /  heart -the  right  auricle  (or 

atrium)  and  ventricle,  on  the  one  hand,  and  the  left  auricle 

ItLn  Tb  other -are  not  in  communi- 

called  rh^  paj-tition  interposed  between  the  two  auricles  is 
called  ^e  tnteraurtcular  septum;  that  separating  the  two  ven- 
rides  from  one  another  is  named  the  interventricular  septum. 

auricle  of  each  side  communicates  with  the  corresponding 
ventricle  through  an  opening,  the  auricula-  (ox  atrio-)  lentrict 

valve.  These  valves  open  toward  the  ventricles,  permitting 


Ciic  auricles  is  prcventeci.  ine  aunculo-  (atno-)  ventriculai 
valve  on  the  left  side  is  also  known  as  the  mitral  valve^  from  its 
fancied  resemblance  to  a  bishop’s  miter  or  tall  cap;  that  on  the 
right  side  as  the  tricuspid  value  (see  also  p.  187),  because  it  con¬ 
sists  of  three  triangular  leaves  or  cusps. 


RIGHT 
WEilRICLE 


LEFT 
VENTRICLE 


Fig.  4-2  Cross  section  of  heart  through  the  ventricles. 


The  muscular  walls  of  the  auricles  arc  thin  compared  with 
the  muscle  of  the  ventricles.  The  left  ventricular  wall  has  a 
wall  about  double  the  thickness  of  that  of  the  right  ventricle 
since  the  work  which  it  must  perform  is  much  greater  than  that 
Frformed  by  the  right  ventricle  (Fig.  4-2).  The  heart  cham¬ 
bers  are  Imed  by  a  delicate  endothelial  membrane  called  the 
tndocardmm.  Spnnging  from  the  wall  of  each  ventricular 
cavity  are  two  small  muscular  piUars,  somewhat  conical  b 

From  the  apices  of  the  latter,  slender  cords,  the  chordae  ten- 
itneae  arise  and  are  attached  to  the  ventricular  aspects  of  the 
mnculcvventncular  valves  (Fig.  4.3).  Acting  like  guy-ropes 
hey  upimrt  the  dehcate  leaflets  of  the  valves  againsMhe  pre  ’ 
ore  developed  m  the  ventricle  during  its  contrLbn  7 
Tl^c  arrangement  of  the  fibers  of  the  ventricles  vl  cn. 
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Sjiowing  Ae  heart  and  great  blood  vessels;  interiors  of  right 

plex.  They  are  disposed  in  a  superficial  and  a  deep  series  of 
layers.  Of  the  superficial  layers  some  course  from  the  upper 
^d  ^tenor  part  of  the  right  ventricle,  downward  and  to  the 
left  looping  around  the  apex,  in  the  form  of  a  vortex  (Fie 
4-4)-  Passing  upward  and  inward  they  end  in  the  papillary 
muscles  of  the  left  ventricle.  Other  superficial  groups  offibers 

some  pass  from  the  papillary 
muscles  of  one  ventricle  to  those  of  the  other,  encircling  both 


126 


THE  CIRCULATION  OF  THE  BLOOD 


ventricles  in  a  scroll-like  or  S-shaped  manner.  Other  groups 
encircle  the  left  ventricle  alone. 

The  right  side  of  the  heart  contains  venous  blood,  that  is, 
blood  which  has  passed  through  the  tissues  and  given  up  a 
proportion  of  its  load  of  oxygen  (p.  272).  The  left  side  con¬ 
tains  bright  red  (arterial)  blood  —  blood  which  has  been  oxy¬ 
genated  in  the  lungs.  The  venous  blood  is  delivered  to  the 
right  auricle  by  two  large  veins  —  the  superior  vena  cava  which 


Fig.  4-4  Dissection  of  heart  muscle  to  show  the  course  of  the  fibers. 
(Redrawn,  after  Mall.) 


drams  blood  from  the  upper  part  of  the  body  (head,  neck,  and 
arms),  and  the  injeriar  vena  cava  which  conveys  blood  from 
the  lower  part  of  the  body  (lower  limbs  and  abdominal  or¬ 
gans)  The  blood  flows  from  the  right  auricle  through  the 
auriculo-ventncular  orifice,  into  the  right  ventricle,  from  which 
It  IS  discharged  during  ventricular  contraction  into  the  pul¬ 
monary  artery  and  thence  through  the  vessels  of  the  lungs. 
After  passmg  through  the  capillaries  of  the  lungs,  where  ft 
gves  up  carbon  dioxide  and  absorbs  oxygen,  the  oxygenated 
blood  IS  conveyrf  b,  Ac  four  pulmonary  vtius  (two  tmm  each 
Mg)  to  the  auricle.  It  then  passes  through  the  left  au- 
neulo-ventncular  orifice  into  the  left  ventridl  When  4e 
ventncular  muscle  contracts,  the  blood  is  pumped  into  Ihe 
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Thus,  the  blood  circulates  through  the  lungs  from  the  right 
ventricle  to  the  left  auricle,  and  through  the  rest  of  the  body 
from  the  left  ventricle  to  the  right  auricle  (PI.  4).  The  course 
through  the  lungs  is  called  the  pulmonary  or  lesser  circulation, 
that  through  all  other  parts  of  the  body,  the  systemic  or  greater 
circulation.  The  right  ventricle  is  therefore  the  pump  for  the 
pulmonary  circulation;  the  left  ventricle  serves  a  correspond¬ 
ing  function  for  the  systemic  or  greater  circulation.  Both  ven¬ 
tricles  contract  at  the  same  instant. 

Though  it  is  now  a  matter  of  general  knowledge  that  the 
blood  circulates  in  this  way,  the  truth  lay  hidden  until  William 
Harvey,  an  English  jphysician  of  the  seventeenth  century,  made 
the  discovery.  By  his  clear  reasoning  from  a  number  of  obser¬ 
vations  and  simple  experiments  he  convinced  those  who  were 
not  blmded  by  preconceived  notions  that  the  blood  must  take 
the  course  outlined  above.  In  1628  he  published  his  great  work 
Exercitatio  anatomica  de  motu  cordis  et  sanguinis  in  animali- 
bus  (Anatomical  Exercise  on  the  Motion  of  the  Heart  and 
Blood  in  Animals).  Before  Harvey’s  day  the  dogmas  of  Galen, 
a  Greek  physician  who  practiced  medicine  in  Rome  in  the  sec¬ 
ond  century  of  the  Christian  era,  dominated  all  medical 
t  ought.  His  views  on  physiology  were  accepted  without  ques- 
tion  as  the  infallible  pronouncements  of  a  god.  According  to 
Galen  the  food  material  absorbed  from  the  intestines  was  con¬ 
veyed  by  the  portal  vein  to  the  liver  where  it  was  converted 
mto  blood.  This  newly  formed  and  somewhat  crude  type  of 
lood  then  passed  to  the  right  side  of  the  heart  where  it  was 
purified;  the  impurities,  finding  vent  through  the  pulmonary 
artery  and  lungs,  were  exhaled  in  the  breath.  The  blood 
formed  m  the  liver  did  not  circulate,  but  was  conceived  as 
simply  ebbing  and  flowing  in  the  veins ;  from  it  the  tissues 
derived  their  nutriment.  A  small  part  of  the  blood  in  the 
right  heart  was  believed,  however,  to  find  its  way  through  in¬ 
visible  pores  in  the  septum  to  the  left  side  where,  mixing  with 
air  received  from  the  lungs  through  the  pulmonary  veins,  it  was 
transformed  into  a  more  refined  type  of  blood.  This  arterial 
blood,  as  the  result  of  the  action  upon  it  of  a  vital  essence- 
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the  pneuma  —  received  from  the  air,  possessed  a  life-giving 
principle  which  Galen  called  the  vital  spirit. 

This  brief  description  of  ancient  and  medieval  physiology 
will  give  the  reader  an  idea  of  the  fundamental  nature  and 
immense  importance  of  Harv'ey’s  discovery.  Galen  was  a 
great  and  wise  physician  and  experimentalist  of  his  day,  and 
we  can  see  that  in  his  theory  of  the  pneuma,  by  which  he 
sought  to  explain  the  difference  between  venous  and  arterial 
blood,  he  was  groping  for  an  essential  life-sustaining  principle 
in  air  which  we  now  identify  as  oxygen.  Oxygen  was  not  dis¬ 
covered  and  its  importance  to  living  processes  recognized  until 
Lavoisier’s  work  in  the  eighteenth  century. 

The  blood  vessels.  There  are  four  main  types  of  blood  ves¬ 
sel:  —  arteries,  arterioles,  capillaries,  and  veins. 

The  arteries  are  of  various  sizes;  the  largest  in  the  body  are 
the  aorta  —  which  is  the  sole  outlet  for  the  blood  from  the  left 
ventricle — and  the  pulmonary  artery,  which  receives  the  con¬ 
tents  of  the  right  ventricle.  In  man  each  of  these  vessels  is  a 
little  over  an  inch  in  diameter.  Traced  peripherally  the  chan¬ 
nels  of  the  arterial  system  divide  and  subdivide  extensively  like 
the  limbs  and  twigs  of  a  tree.  The  aorta  ascends  from  its  origin 
for  a  short  distance  and  then,  forming  an  arch,  descends  in 
front  of  the  vertebral  column  through  the  thorax  and  abdomen. 
At  the  level  of  the  fourth  lumbar  vertebra  it  divides  into  two 
vessels  — the  right  and  lejt  common  iliac  arteries.  Each  com¬ 
mon  iliac  divides  into  two  branches  — the  external  iliac  and 
hypogastric  arteries.  The  former  carries  blood  to  the  lower 
limbs;  after  entering  the  thigh  it  is  called  the  femoral  artery. 
The  hypogastric  artery  is  distributed  to  the  pelvis. 

thoracic  and  aWominal  viscera  are  supplied  by  branches 
which  spring  from  the  aorta  in  its  course  through  these  cavities. 
Three  large  arteries  spring  from  the  arch  of  the  aorta;  the  left 
common  carotid,  left  subclavian  and  the  innominate  ar¬ 
teries.  The  last  one  is  a  short  trunk  which  divides  into  the 
Tight  common  carotid  and  the  right  subclavian  arteries  The 
common  carotid  arteries  are  the  main  arterial  trunks  to  the 
head.  They  ascend  on  either  side  of  the  neck  and  at  the  upper 


Fig.  4-5  Diagram  of 
main  vessels  of  the  body. 
Veins  and  pulmonary 
artery  in  hatched  shading; 
arteries  stippled,  i,  right 
ventricle;  la,  right  au¬ 
ricle;  2,  left  ventricle;  3, 
arch  of  aorta;  4,  innomi¬ 
nate  artery;  5,  right  sub¬ 
clavian  artery;  6,  left 
common  carotid  artery;  7, 
right  common  carotid 
artery;  8,  right  subclavian 
artery;  9,  pulmonary  ar-  ^ 
tery;  10,  superior  vena 
cava;  ii,  jugular  vein;  12, 
left  subclavian  vein;  13, 
abdominal  aorta;  14, 
branches  of  celiac  axis 
artery;  15,  hepatic  veins; 

16,  inferior  vena  cava;  17, 
renal  arteries  and  veins; 

18,  superior  mesenteric 
artery;  19,  inferior  mesen¬ 
teric  artery;  20,  common 
iliac  vein;  21,  common 
iliac  artery;  A,  A,  adrenal 
glands;  D,  D,  diaphragm; 

K,  kidneys. 
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border  of  the  thyroid  cartilage  divide  into  the  external  and  /«- 
fernal  carotid  arteries.  The  latter  enters  the  cranial  cavity 
where  it  divides  into  branches  to  supply  the  brain  with  blood. 
The  subclavian  artery  conveys  blood  to  the  upper  limb;  at 
the  root  of  the  Iknb  it  is  called  the  axillary  artery,  and  in  the 
arm  the  brachial  artery  (see  Figs.  4-3  and  4-5).  It  will  be  noted 
that  the  common  carotid  and  subclavian  arteries  on  the  right 
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Fig.,  4-6  Section  of  the  wall  of  a  small  artery. 


side  spring  from  the  innominate,  whereas  the  left  common 
carotid  and  subclavian  arise  directly  from  the  aorta. 

The  walls  of  the  arteries  are  thick  and  strong;  they  contain 
a  large  proportion  of  elastic  tissue  and  a  smaller  amount  of 
smooth  muscle.  They  are  lined  by  endothelium  which  is 
called  the  internal  coat  or  tunica  intima.  The  middle  coat  or 
tunica  media  is  made  up  of  elastic  and  muscular  tissues.  The 
outer  coat,  composed  of  connective  tissue,  is  called  the  tunica 
adventitia  (see  Figs.  4.6  and  4-7).  The  proportions  of  smooth 
mu^lc  and  elastic  tissue  in  the  arterial  wall  vary  with  the  size 
of  the  artery.  Though  elastic  tissue  enters  largely  into  the  con¬ 
struction  of  the  largest  vessels,  e.g.,  the  pulmonary  artery  and 
aorta,  muscular  tissue  is  relatively  small  in  amount.  In  the 
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Fig.  4-7  Cross  section  of  an  arteriole  with  an  ac¬ 
companying  small  vein. 


medium  and  smallest  arterial  branches,  especially  in  the  latter, 
the  smooth  muscle  is  more  abundant,  the  elastic  tissue  being 
correspondingly  reduced.  The  walls  of  the  arteries,  except  those 
of  the  smallest  (i  mm.  or  less  in  diameter),  are  themselves 
furnished  with  minute  blood  vessels.  These  vessels,  called  vasa 
msorum  (vessels  of  vessels),  ramify  in  the  tunica  adventitia  and 
outer  layers  of  the  tunica  media.  The  small  arteries,  as  well  as 
the  vasa  vasorum,  are 
supplied  with  nerves 
through  which  their 
calibers  are  controlled. 

T he  arterioles.  Each 

of  the  smallest  arterial  'y 

branches  divides  into  a 

number  of  still  finer  c-  «  a  n  •  i 

,  ,,  ,  .  ,  Fig- 4-0  A  capillary  —  a  simple  en- 

vessels,  called  arterioles.  dothelial  tube. 

The  arterioles  are  about 

0.2  mm.  in  diameter,  being  just  visible  to  the  naked  eye. 
Though  they  possess  an  endothelial  lining  and  a  thin  layer  of 
elastic  tissue,  their  walls  are  composed  mainly  of  smooth  mus¬ 
cle  whose  fibers  form  encircling  rings.  The  arterioles  are  sup¬ 
plied  with  nerves  which,  by  bringing  about  contraction  or 
relaxation  of  the  rings  of  smooth  muscle,  control  their  calibers. 


Fig.  4-8  A  capillary  —  a  simple  en- 
dothelial  tube. 


Hius,  tk  quantity  of  blood  passing  through  this  part  of  the 
circuiatory  system  may  be  altered  from  time  to  time  as  occasion 

requires  (see  pp.  211, 212).  •  1  n  ■ 

The  capillaries.  An  arteriole  when  traced  peripherally  is 
found  to  break  up  into  a  number  of  extremely  narrow  tubes, 
the  capillaries.  These  vessels  (Fig.  4-8)  are  from  ^  to  i  mm. 
long,  and  have  a  caliber  which  in  many  instances  is  no  greater, 
and  mav  be  less,  than  the  diameter  of  a  red  blood  corpuscle  (7 
to  8  microns).  The  wall  of  a  capillary  is  composed  of  a  single 
layer  of  endothelial  cells  —  a  membrane  of  exquisite  thinness 
which,  as  mentioned  elsewhere  (p.  64),  permits  the  free  pas¬ 
sage  of  water  and  crystalloids,  but  is  almost  impermeable  to 
the  plasma  proteins.  In  amphibia,  but 
not  in  mammals,  there  are  to  be  seen 
lying  close  to,  or  in  contact  with,  the 
capillary  wall  peculiar  cells  whose  slen¬ 
der  processes  form  a  latticework  em¬ 
bracing  the  vessel  (Fig.  4-9).  They  are 
called  Rouget  cells.  The  capillaries, 
though  constituting  such  an  inconspicu¬ 
ous  part  of  the  circulation,  are  never¬ 
theless  the  raison  d’Hre  for  the  rest  of 
the  circulatory  system.  The  heart  is  the 
pump  and  the  relatively  thick-walled 
Fig.  4-10  Vein  lower  arteries  and  veins  simply  conduits 

limb  qxmed  to  show  ^hich  carry  blood  to  and  from  the 

direcrion  of  the  blood  capiharies;  m  the  capillary  region  the 
flow.  object  of  the  circulation,  namely,  to  con- 
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vey  oxygen  and  nutritive  materials  to  the  tissues  and  to  carry 
carbon  dioxide  and  w'aste  products  away,  is  fulfilled.  The 
walls  of  vessels  larger  than  the  capillaries  are  impervious  to 
gases  and  liquids. 

The  veins,  like  the  arteries,  have  walls  composed  of  three 
coats,  but  the  tunica  media  is  poorly  developed  as  compared 
with  an  artery  of  about  the  same  size.  The  wall  of  a  vein  is, 
consequently,  much  thinner  than  that  of  its  companion  artery, 
but  its  caliber  is  considerably  larger  (see  Fig.  4-7).  The  larger 
veins  of  the  abdomen  and  lower  limbs  possess  valves  which 
open  in  the  direction  in  which  the  blood  is  flowing  —  that  is, 
toward  the  heart  (Fig.  4-10). 


Hemodynamic  Principles 

In  order  that  certain  features  of  the  circulation  may  be  under¬ 
stood,  some  of  the  physical  laws  governing  the  flow  of  liquids 
through  tubes  must  be  briefly  reviewed.  The  more  important 
of  these  laws  may  be  illustrated  by  means  of  a  model. 

In  Figure  4-1 1  is  shown  a  piece  of  apparatus  made  to  repre¬ 
sent  the  systemic  circulation  and  consisting  of  two  horizontal 
glass  tubes,  AA  and  BE,  from  each  of  which  a  series  of  vertical 
side-tubes  of  smaller  caliber,  T  and  T',  are  given  off.  The  two 
systems  of  tubes  are  connected  by  finer  tubes  of  elastic  rubber. 
The  hand  bulb,  H,  is  so  valved  as  to  direct  a  flow  of  fluid  as 
indicated  by  the  arrows.  It  represents  the  left  ventricle  of  the 
heart;  the  tube,  BB,  represents  the  aorta,  and  the  vertical  tubes, 
T,  its  main  branches.  The  system  on  the  right  corresponds  to 
the  venous  system,  in  which  BB  are  the  larger  veins  (vena 
cavae)  opening  into  the  right  auricle,  Au,  and  the  vertical 
tubes,  T',  their  larger  tributaries.  The  smaller  rubber  tubes, 
C,  connecting  the  two  systems  represent  the  minute  vessels, 
arterioles,  capillaries  and  venules.  When  the  bulb,  H,  is  al¬ 
ternately  compressed  and  released  at  a  suitable  rate  it  acts  as 
a  pump  and,  drawing  fluid  from  the  part  of  the  system  rep¬ 
resenting  the  auricle,  Au,  and  the  large  veins,  BB,  forces  it 
along  AA.  The  fluid  rises  in  the  vertical  side-tubes,  T,  and 
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its  hciglit  in  any  tube  indicates  the  pressure  in  centimeters  of 
water  at  the  point  in  the  horizontal  tube  where^that  tube  is 

given  of!.  At  every  beat  of  die  pump  the  fluid  m  each  side- 
tube  will  be  seen  to  flucmate  above,  and  then  fall  below,  a  cer¬ 
tain  mean  level.  It  will  also  be  observed  that  the  pressure 


Fig.  4-1 1  Cirailatioii  sciieme.  A  model  composed  o£  glass  and  rubber 
tuIxSs  a  band  bulb  H,  to  illustrate  certain  facts  in  the  circulation 

of  tfic  blood.  Description  in  text 


(height)  of  the  fluid  in  the  side-tubes  falls  progressively  from 
rube  to  tube,  as  indicated  by  the  slanting  lines,  R-R  and  0-0. 
This  slope  of  pressure  is  due  to  the  loss  of  energy  caused  by  the 
frictional  resistance  oflered  to  the  flow  of  fluid  along  the  hori¬ 
zontal  tubes,  for  with  a  given  amount  of  energy  (transmitted 
to  the  fluid  through  the  hand  bulb),  the  greater  proportion  of 
that  energy  which  is  expended  in  driving  the  fluid  against  re¬ 
sistance  along  the  horizontal  tubes,  the  smaller  will  be  the 
proportion  exhibited  as  pressure.  The  greater  the  area  of 
the  frictional  surface  over  which  the  fluid  flows  — that  is,  the 
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longer  the  distance  along  the  horizontal  tubes,  the  greater  will 
be  the  energy  expended  in  overcoining  frictional  resistance,  and 
be  dissipated  as  heat.  Hence  the  pressure  in  the  second  tube 
is  less  than  in  the  first,  and  the  pressure  in  the  third  tube  is  less, 
again,  than  in  the  second  and,  if  there  were  a  long  series  of 
tubes  given  off  from  the  horizontal  tube,  the  pressure  in  each 
would  be  lower  than  that  in  the  one  before  it  to  the  end  of  the 
series. 

The  section  of  connecting  tubes,  C,  beneath  the  bar,  D,  can 
be  compressed  or  decompressed  by  tightening  or  loosening  the 
thumb  screws  marked  S,  S;  the  calibers  of  these  tubes  are  thus 
reduced  or  increased,  respectively.  When  their  calibers  are 
reduced  and  the  quantity  of  fluid  passing  through  them  is,  in 
consequence,  diminished,  and  the  amount  of  fluid  entering  the 
system  from  the  pump  remains  approximately  the  same,  then 
the  pressure  rises,  as  indicated  by  the  heights  of  the  fluid  columns 
in  the  system  on  the  left  representing  the  arterial  system.  The 
pressure  in  the  right  hand  system,  which  represents  the  veins, 
falls,  because  less  fluid  now  enters  this  system.  Upon  decom¬ 
pression  of  the  rubber  tubes,  C,  the  quantity  of  fluid  forced  in 
by  the  pump  again  remaining  unchanged,  the  pressure  falls  in 
the  left  hand  system  and  rises  in  the  system  on  the  right. 

As  the  reader  will  learn  later  (pp.  21 1  and  212),  the  arterioles 
can  be  narrowed  or  enlarged  in  caliber  by  means  of  vasocon¬ 
strictor  and  vasodilator  nerves  supplying  their  muscular  coat. 
The  bar,  D,  in  the  model,  by  the  tightening  or  loosening  of 
which  the  small  rubber  tubes  can  be  compressed  or  decom¬ 
pressed,  represents  these  nerves. 

Other  hydrodynamic  principles  applicable  to  the  circulation 
can  be  illustrated  by  means  of  the  model.  If;  for,  example,  the 
bulb,  H,  representing  the  left  ventricle  is  compressed  and  de¬ 
compressed  more  vigorously,  more  fluid  will  be  pumped  at 
each  stroke  into  the  system;  the  heights  of  the  fluid  in  the  side- 
tubes,  T,  will  show  more  pronounced  fluctuations,  and  the 
mean  pressure  level  will  rise.  More  rapid  strokes  of  the  pump, 
with  or  without  an  increase  of  fluid  forced  into  the  system  at 
each  stroke,  will  also  cause  a  rise  in  the  mean  level  of  the  fluid 
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in  the  side-tubes.  Changes  of  a  similar  nature  in  the 
the  heart  cause  corresponding  effects  upon  the  ar  eria 

^  If  one  of  the  small  rubber  tubes  on  the  left  of  the  bar,  D,  is 
loosened,  punctured,  or  disconnected,  so  that  a  ea  occurs  m 
the  svstem  representing  the  arterial  side  of  the  circulation,  a 
progressive  or  a  sharp  fall  in  the  levels  of  the  fluid  m  the  side- 
tubes  v^-ill  occur  and,  if  the  leak  is  considerable,  the  pressure 
cannot  be  restored  to  its  original  level  though  rapid  and  vigor¬ 
ous  strokes  are  made  with  the  pump.  Loss  of  blood  by  hemor- 


Fig.  4-12  Description  in  text 

rhagc  causes  in  a  similar  way  a  progressive  or  a  sudden  fall  in 
blood  pressure,  the  rate  of  the  fall  depending  upon  the  severity 
of  the  bleeding. 

Let  us  now  turn  from  the  consideration  of  fluid  pressure  to 
a  study  of  velocity  of  flow  in  a  system  of  tubes.  Physical  prin¬ 
ciples  governing  the  velocity  of  a  fluid  in  a  system  of  tubes  com¬ 
parable  in  size  to  the  blood  vessels  are  best  illustrated  by  means 
of  the  model  shown  in  Figure  4-12.  The  fluid  in  the  reservoir, 
R,  is  kept  at  a  steady  level  by  means  of  the  flow  from  a  faucet. 
Whatever  quantity  of  fluid  enters  the  reservoir  by  the  faucet 
must  leave  by  the  mouth,  M,  of  the  horizontal  tube,  H;  other¬ 
wise  the  reservoir  would  overflow  of  be  gradually  emptied.  It 
follows  then  that  equal  quantities  of  fluid  must  pass  along  equal 
lengths  of  the  tube,  H,  in  any  stated  time.  But  section  A  is 
narrower  (Le.,  its  capacity  is  less)  than  the  sections  of  tube  on 
cither  side.  In  order  then  to  transmit  the  same  volume  of  fluid, 
the  velocity  of  fbw  in  the  narrow  section  must  increase.  Sec¬ 
tion  B  is  much  broader;  the  flow  in  this  section  is,  therefore, 
slower.  It  is  immaterial  to  the  general  principle  whether  sec- 
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tion  B  is  a  single  channel  or  is  divided  into  a  number  of  smaller 
ones  as  in  Figure  4-13,  for,  provided  that  the  total  cross  area, 
that  is,  the  sum  of  the  cross  areas  of  the  small  tubes  in  B  is 
greater  than  the  cross  area  elsewhere  along  the  horizontal  tube, 
the  flow  through  section  B  will  be  slower.  Though  each  in¬ 
dividual  tube  may  be  extremely  narrow  the  velocity  of  flow  in 
each  of  the  constituent  tubes  of  B  will  be  less  than  in  any  other 
part  of  the  horizontal  tube,  H.  Thus,  with  respect  to  velocity 
of  flow,  one  of  these  fine  tubes,  which  constitutes  but  a  small 
part  of  the  total  cross 
area  of  the  section 
which  they  occupy,  dif¬ 
fers  from  the  single  nar¬ 
row  tube.  A,  since  the 
latter  offers  the  sole 
channel  at  this  point  of 
tube  H  giving  passage  Fig.  4-13  Description  in  text, 

to  the  fluid.  In  the  cir¬ 
culation  of  the  blood,  the  differences  in  velocity  between,  say 
the  aorta  or  large  veins  on  the  one  hand,  and  the  capillary  re¬ 
gion  on  the  other,  are  due  entirely  to  variations  in  the  total  cross 
areas  of  the  vascular  channels  (see  also  p.  143). 

Though,  in  general,  the  physical  principles  of  the  circulation 
can  be  demonstrated  in  a  model,  such  a  model  differs  from  the 
vascular  system  in  certain  important  particulars.  In  the  first 
place,  its  walls,  except  those  of  the  small  rubber  tubes  in  Figure 
4-1 1,  are  rigid;  they  lack  the  elasticity  of  the  living  vessels,  and 
this  property  of  the  vascular  structures  is  essential  for  maintain¬ 
ing  an  adequate  supply  of  blood  to  the  tissues  between  the 
beats  of  the  heart  (p.  157).  Again,  certain  physiological  fac¬ 
tors  come  into  play  in  the  living  body  under  varying  condi¬ 
tions,  so  that  it  is  not  always  possible  to  predict  what  will  hap¬ 
pen  under  a  given  set  of  circumstances.  The  complexity  of 
these  physiological  factors,  reactions  and  counter-reactions,  ad¬ 
justments  and  compensations,  preclude  their  being  duplicated 
in-  any  inanimate  system. 

The  pressure  of  blood  throughout  the  vascular  system.  In 
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the  mode!  (Fig.  n)  it  wiU  be  observed  that  the  oblique  line 
R-R  in  the  system  on  the  left  indicating  the  pressure  levels  at 
intervals  along  the  horizontal  tube,  if  continued  to  the  right, 
would  not  meet  the  corresponding  line  0-0  in  the  right  hand 
system,  but  would  fall  above  it.  This  means  that  a  fall  in  pres¬ 
sure  more  pronounced  than  elsewhere  occurs  in  the  region  of 
the  small  rubber  tubes  representing  the  minute  vessels  of  the 
vascular  system.  This  relatively  sharp  drop  in  pressure  is  due 
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Fig.  4-14  Curve  o£  blood  pressure  throughout  the  circulation 
left  ventricle  to  right  auricle. 
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to  a  greater  amount  of  energy  being  expended  in  overcoming 
the  frictional  resistance  offered  by  the  small-calibered  tubes,  Q 
for  the  total  surface  over  which  the  fluid  flows  is  greatly  in¬ 
creased  by  these  subdivisions  of  the  horizontal  tube.  Thus,  in 
the  vascular  system,  a  large  part  of  the  ventricular  contraction 
is  expended  in  overcoming  the  resistance  offered  by  the  small- 
caliixred  arterioles;  an  abrupt  fall  in  pressure,  therefore,  oc¬ 
curs  in  this  region  of  the  circulation.  A  more  gradual  fall  in 
pressure  occurs  from  this  point  on  through  the  capillaries  and 
veins  to  the  right  auricle,  which  is  filled  at  a  very  low  pressure, 
namely,  about  5  centimeters  of  water  (see  Fig.  4-14).  It  will 
be  seen  (p.  144)  that  when  the  velocity  of  the  blood  flow 
throughout  the  vascular  system  is  plotted,  the  curve  obtained 
is  quite  different.  .  ’ 

The  work  of  the  heart— the  cardiac  output  The  energy 
whereby  the  pressure'is  maintained  in  the  vascular  system' and 
the  blood  driveii  through  the  systemic  circulation  is  derived 
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from  the  contraction  of  the  left  ventricle.  The  right  ventricle 
drives  the  blood  through  the  lungs.  The  work  performed  by 
these  two  cardiac  chambers  will  now  be  considered.  The  work 
performed  by  a  machine  is  expressed  in  foot-^unds  or  in  kilo¬ 
gram-meters,  that  is,  the  vertical  distance,  in  feet  or  meters, 
through  which  a  given  weight,  in  pounds  or  kilograms,  is  lifted. 
Thus,  if  a  weight  of  2  kilograms  is  raised  to  a  height  of  4 
meters  the  work  done  is  8  kilogram-meters.  The  efficiency  of 
the  machine  is  the  proportion  of  the  total  energy  expended 
which  appears  as  work.  Thus 

work  ^  . 

- ; - : . -  =  efficiency. 

total  energy  expended 

The  work  performed  by  the  heart  when  it  contracts  may  be 
expressed  in  the  same  way,  for  it  ejects  a  certain  weight  of 
blood  at  a  mean  pressure  of  about  1.3  meters  of  water  (or 
blood)  which  is  equivalent  to  saying  that  the  heart  raises 
the  blood  to  a  height  of  1.3  meters.  As  we  shall  soon  see,  if 
a  long  glass  tube  be  inserted  into  a  large  artery,  and  held  ver¬ 
tically,  the  blood  actually  rises  to  a  height  of  several  feet. 

Under  ordinary  conditions  of  bodily  rest  by  far  the  greater 
proportion  (98-99  per  cent)  of  the  work  performed  by  the  heart 
may  be  calculated  from  the  following  formula: 

W  =  fQR. 

W  =  work  in  kilogram-meters 

Q  =  quantity  of  blood  ejected,  in  kilograms 

R  =  mean  blood  pressure  in  the  aorta,  in  meters  of  blood 

To  give  an  example:  if  the  left  ventricle  discharges  60  grams 
of  blood  at  each  beat  (contraction)  against  an  aortic  pressure 
of  120  mm.  Hg,  that  is  equivalent  to  saying  that  the  ventricu¬ 
lar  contraction  raises  0.06  kilograms  of  blood  to  a  height  of  1.62 
meters  (mercury  is  approximately  13  times  heavier  than 
blood) .  Then  the  work  performed  by  the  left  ventricle  at  each 
beat  is  (1.62  X  0.06)  0.97  kilogram-meters,  or  (0.97  X  7°)  68 
kilogram-meters  per  minute,  at  a  heart  rate  of  70  beats  per 
minute. 
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The  pressure  in  the  pulmonary  artery  is  only  i  of  that  in  the 
aorta.  That  is,  the  pressure  developed  by  the  right  ventricle  is 
only  i  that  developed  by  the  left.  The  quantity  of  blood 
ejected  by  each  ventricle  is,  however,  the  same.  The  fraction 
I,  therefore,  is  used  to  obtain  the  work  of  the  whole  heart  — 
that  is,  of  both  ventricles. 

The  cardiac  output.  The  amount  of  blood  ejected  by  one 
ventricle  per  minute  is  called  the  minute  volume  of  the  heart  or 
the  cardiac  output.  The  minute  volume  of  the  human  heart 
under  ordinary  conditions  of  mental  and  physical  rest  “  amounts 
to  from  4  to  5.5  liters,  depending  on  the  size  of  the  individual.* 
It  must  be  remembered,  however,  that,  per  minute,  an  equal 
volume  of  blood  is  ejected  by  the  right  ventricle,  and  that  an 
equal  volume  passes  through  the  lungs  and  through  the  systemic 
circulation.  The  minute  volume  of  the  heart  is  therefore  also 
referred  to  as  the  circulation  rate.  In  other  words,  it  is  the 
quantity  of  blood  that  passes  per  minute  through  the  circulatory 
system.  The  quantity  of  blood  ejected  by  one  ventricle  at  each 
beat  of  the  heart  is  called  the  stroke  volume;  it  amounts  to  60 
or  yo  cc.  under  resting  conditions.  The  cardiac  output  or 
minute  volume  is  the  product,  therefore,  of  the  stroke  volume 
and  the  heart  rate.  Thus, 

cardiac  output  (per  minute)  =  stroke  volume  X  heart  rate. 

The  cardiac  output  is  greatly  increased  during  muscular  ex¬ 
ercise.  In  a  robust  healthy  young  man  doing  strenuous  work, 
it  may  amount  to  over  20  liters.  The  minute  volume  of  the 
heart  is  raised  by  increasing  the  output  per  beat  (stroke  volume) 
and  usually  by  increasing  the  number  of  beats  per  minute 
(heart  rate)  as  well.  In  persons  of  poor  muscular  development 
the  heart  rate  accelerates  in  response  to  exercise  to  a  greater 

-  The  cardiac  output  is  affected  by  so  many  physiological  conditions  that,  in 
order  fOT  the  values  cAtained  in  different  persons  to  be  strictly  comparable  and  have 
a  definite  nranmg  with  respect  to  cardiac  function,  the  determination  must  be  car- 
r  a  T  conditions.  The  subject  must  have  been  without 

M  mental  and  physical  rest  in  a  room  kept  at  an  ordinary 
comfortable  temperature  —  abcait  25  C.  ^ 

.1.  *  relatianship  to  the  surface  area  of  the  bodv 

an  to  the  body  weight.  The  value  is  around  3  liters  per  square  meter  of  body  sur- 
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extent  than  in  those  of  athletic  build.  That  is,  the  former  in¬ 
dividual  in  order  to  increase  his  cardiac  output,  depends  upon 
increase  in  heart  rate  to  a  greater  extent  than  does  the  latter. 
In  some  athletes,  for,  example,  the  minute  volume  may  be  in¬ 
creased  several  fold  with  little  or  no  change  in  heart  rate. 

The  minute  volume  of  the  heart  is  also  increased  during 
digestion,  at  high  environmental  temperatures,  during  emo¬ 
tional  excitement,  and  in  the  later  months  of  pregnancy. 
Among  pathological  conditions  which  increase  the  cardiac  out¬ 
put  are  hyperthyroidism  (p.  448),  fever  and  severe  anemia.  It 
is  reduced  in  hypothyroidism  and  in  certain  forms  of  cardiac 
disease. 

The  cardiac  output  in  man  can  be  measured  only  indirectly. 
The  method  of  measurement  is  based  upon  what  is  generally 
known  as  the  Pick  principle.  Pick  pointed  out  that,  if  the 
quantity  of  carbon  dioxide  which  vvas  given  off  in  the  lungs  by 
each  100  cc.  of  blood  were  known,  and  the  total  quantity  of 
CO2  given  off  over  a  given  period  of  time  were  also  known, 
then  the  volume  of  blood  which  had  passed  through  the  lungs 
in  that  time  could  be  calculated.  Por  example,  if  the  venous 
blood  coming  to  the  lungs  contained  58  cc.  of  carbon  dioxide 
per  100  cc.  and  the  arterial  blood  leaving  the  lungs  contained 
52  volumes  per  100  cc.,  then  6  cc.  of  carbon  dioxide  per  100  cc. 
must  have  been  given  off  by  the  blood  in  its  passage  through 
the  lungs.  The  quantities  of  the  gas  in  the  venous  and  arterial 
bloods  are  determined  by  analyzing  samples  of  the  subject’s 
alveolar  air;  the  details  of  this  procedure  cannot  be  given  here. 
The  total  quantity  of  carbon  dioxide  eliminated  over  a  period 
of  a  few  minutes  is  next  determined  (p.  269).  Let  us  say  that 
this  amounts  to  240  cc.  per  minute.  We  have  now  all  the  data 
necessary  for  the  calculation  of  the  cardiac  output.  Thus : 


(Total  CO2  eliminated  per  min.) 

240  cc. 

- - - - X  100  =  4G00  cc.  cardiac  out- 

1  1  f  OJ*  minute  volume. 

(Difference  between  volumes  of  ^ 

CO2  in  venous  and  arterial 

bloods) 
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docity  of  the  Blood 

ocity  of  the  blood  varies  in  different  parts  of  thC'Vascu- 

;m. '  It  does  not,  like  the  blood  pressure,  show  a  con- 
y  progressive  diminution  from  the  aorta  to  the  right 
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Fig.  4-15  Diagram  showing  the  pressure  and  velocity  of  the  blood  in 
different  parts  of  the  vascular  system.  (Modified  from  Fredericq). 
Note  the  relation  bctw'cen  Hood  velocity  and  vascular  ■  area,  and  the 
absence  of  rhythmical  variations  in  pressure  and  velocity  in  the  capil¬ 
laries  and  veins. 


auricle.  The  blood  moves  swiftly  through  the  large  arteries. 
In  the  human  aorta,  for  example,  its  speed  is  around  0.4  meters 
pier  second  when  the  body  is  at  rest.  The  velocity  decreases 
moderately  throughout  the  arterial  tree,  but  is  greatly  reduced 
in  the  capillaries,  where  it  averages  only  0.5  millimeters  per 
second.  The  blood  upon  reaching  the  venous  system  speeds  up 
again,  and,  in  the  great  veins  feeding  the  heart  (superior  and 


inferior  venae  cavae)^  flows  at  a  velocity  not  greatly  less  than 

that  of  the  blood  in  the  aorta. 


The  hydrodynamic  principle  stated  on  page  137  and  illus¬ 
trated  by  the  models  in  Figures  4-12  and  4-13  is  of  such  impor¬ 
tance  that  it  will  be  well  to  apply  it  more  directly  to  the  circu¬ 
lation.  It  should  be  emphasized  that,  except  for  very  brief 
periods,  the  quantity  of  blood  returned  to  the  right  side  of  the 


VENA  CAVAE 


Fig.  4-16  Diagram  illustrating  the  relative  secdonal  areas  of  the  aorta, 
capillary  bed  and  great  veins.  The  area  of  the  “  capillary  lake  is  ac¬ 
tually  much  greater  relatively  than  is  shown.  (After  Best  and  Taylor, 
The  Physiological  Basis  of  Medical  Practice,) 


llfililli 

jpUPilii' 


heart  in  any  given  time  must  equal  that  ejected  by  the  left 
ventricle.  Variations  in  the  velocity  of  the  blood  stream  are 
due  simply  to  di'fferences  in  the  dimensions  of  the  total  cross 
area  of  the  vessels  through  which  the  blood  flows.  The  broader 
the  passage  for  the  blood,  the  slower  will  be  its  flow,  and  vice 
versa.  It  is  immaterial  to  the  principle  whether  the  expansion 
of  the  bed  of  the  stream  is  due  to  a  single  large  channel,  or  to 
a  division  into  a  number  of  small,  even  minute,  separate  chan¬ 
nels.  Provided  that  the  total  cross  area  of  a  region  of  the  vas¬ 
cular  bed,  which  constitutes  the  only  passage  for  the  blood  from 
the  left  to  the  right  side  of  the  heart,  is  greater,  the  velocity  of 
flow  in  the  expanded  part  of  the  system  will  be  reduced.'* 

^  The  average  diameter  of  a  capillary  is  about  to  microns;  the  diameter  of  the 
human  aorta  is  about  25  millimeters  (approximately  i  inch). 
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The  human  aorta  is  a  little  over  an  inch  in  diameter.  All 
the  blood  ejected  by  the  left  ventricle  must  pass  through  this 
channel;  the  blood  velocity  must  therefore  be  much  greater 
here  than  in  more  peripheral  parts  of  the  vascular  tree  where, 
as  a  result  of  the  numerous  branchings  and  rebranchings,  the 
total  cross  area  of  the  vascular  bed  is  increased.  The  flow  in  a 
carotid  artery,  for  example,  is  slower  than  that  in  the  aorta,  for 
there  are  two  carotids,  as  well  as  several  other  branches  given 


mm  PER  SEC. 
500  t 


4-17  Curve  of  velocity  throughout  the  circulation  —  from  left 
ventricle  to  right  auricle.  Compare  with  Fig.  4-14. 

off  by  the  aorta,  and  the  sum  of  their  cross  areas  is  considerably 
greater  than  that  of  the  latter  vessel.  In  the  region  of  the  capil¬ 
laries  where,  as  just  mentioned,  the  flow  is  greatly  slowed,  the 
most  pronounced  widening  of  the  bed  is  found.  For  this  rea¬ 
son,  Ae  capillary  area  is  frequently  referred  to  as  the  "  capillary 
lake.  Though  the  cross  area  of  each  capillary  is  only  a  very 
small  fraction  of  that  of  the  aorta,  the  sum  of  all  the  cross  areas 
of  the  capillaries  is  from  600  to  800  times  greater  (see  Figs.  4-14 
and  4-16).  °  ^ 

In  the  venous  system,  the  successive  junctions  of  smaller 
veins  to  form  larger  trunks  result  in  a  progressive  narrowing 
of  the  cross  area  of  the  vascular  channels  until,  at  the  entrance  to 
the  right  auricle,  the  two  blood  columns  (in  the  superior  and  in¬ 
ferior  venae  cavac)  have  together  a  cross  area  only  about  double 
that  of  the  aorta.  The  velocity  of  flow  in  these  large  veins  is 
therefore,  not  w  greatly  less  than  the  flow  in  the  aorta.  When 
t  e  velocities  throughout  the  vascular  system  are  plotted  it  will 
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be  found  that  the  second  half  of  the  curve  is  radically  different 
from  the  curve  of  pressure.  See  Figure  4-17  and  compare  with 
Figure  4-14,  page  138. 

The  velocity  of  the  blood  in  the  arteries,  but  not  in  the  veins, 
varies  with  the  heart  beat  above  and  below  a  mean  value.  Dur¬ 
ing  the  ejection  of  blood  from  the  ventricle  the  velocity  of  the 
arterial  blood  rises  to  a  maximum,  but  falls  again  when  the 
heart  pauses.  The  minimum  value  is  reached  just  before 
the  next  heart  beat. 

The  Arterial  Blood  Pressure 

That  the  blood  in  the  arteries  is  under  a  relatively  high  pressure 
was  not  demonstrated  until  about  a  century  after  Harvey’s  dis¬ 
covery  of  the  circulation.  In  1733  an  English  clergyman,  the 
Rev.  Stephen  Hales,  inserted  a  small  glass  tube  (called  a  can¬ 
nula)  into  the  artery  of  a  horse’s  thigh  and  connected  it  by 
means  of  the  windpipe  (trachea)  of  a  goose  with  a  glass  tube 
some  8  feet  long.  The  long  glass  tube  was  placed  vertically. 
The  flexible  trachea  served  the  purpose  of  a  rubber  tube  which 
would  be  used  today,  but  had  not  then  been  invented.  When 
the  clamp,  previously  placed  upon  the  artery;,  was  released  the 
blood  rushed  into  the  tubing  and  rose  nearly  to  its  upper  end. 
The  height  of  the  blood  column  was  observed  to  fluctuate  sev¬ 
eral  centimeters  with  each  beat  of  the  heart. 

This  method  of  measuring  the  blood  pressure  in  animals  has 
obvious  disadvantages.  In  the  first  place,  owing  to  the  length 
of  the  tubing  required,  it  is  inconvenient.  It  is  also  inaccurate, 
since  the  blood  which  fills  the  long  tube  is  out  of  circulation; 
the  blood  volume  is  correspondingly  reduced,  and  the  pressure 
as  recorded  is,  in  consequence,  less  than  that  which  actually  ex¬ 
isted.  Finally,  the  experiment  is  soon  interrupted  by  coagula¬ 
tion  of  the  blood  in  the  tubing.  It  was  not  until  nearly  another 
century  had  passed  that  an  advance  on  Hales’  method  was  made. 
In  1828  the  French  physicist  Poiseuille  used  a  U  tube  filled  with 
mercury  for  registering  the  pressure  and  an  anticoagulant  fluid 
to  fill  the  tubing  which  connected  the  U  tube  (now  usually  re- 
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fcrrcd  to  as  a  manometer')  with  the  cannula  in  the  artery*  Since 
mercury  is  over  13  times  heavier  than  blood,  the  mercury 

rises  only  a  few  inches  instead  of  several  feet,  as  when  the  pres¬ 
sure  was  measured  by  the  height  of  a  column  of  blood  itself. 
Before  the  damp  is  released  from  the  artery  the  anticoagulant 
fluid  is  introduced  under  a  pressure  equivalent  to  what  the 


Fig»  4-18  Showing  metliod  of  recording  blood  pressure  in  animals. 

A.,  re^rYoir  filled  with  anticoagulant  solution ;,B,  artery;  C,  cannula; 

D,  tube  for  cleaning  cannula;  E,  mercurial  manometer;  i,  2,  and  3, 

clamps. 

blood  pressure  is  expected  to  be.  If  the  pressure  of  the  fluid  is 
adjusted  so  that  it  exactly  equals  the  blood  pressure,  blood  does 
not  leave  the  artery,  nor  does  an  appreciable  amount  of  anticoag¬ 
ulant  enter  the  circulation.  It  has  been  customary  ever  since  Poi- 
scuilie  introduced  the  mercurial  manometer,  to  express  the 
blood  pressure  in  millimeters  of  mercury  (mm.  Hg).  Some 
years  later  Ludwig,  a  German  physiologist,  improved  the 
method  by  placing  a  float,  fastened  to  a  wire  bearing  a  writing 
point,  upon  the  mercury  column.  The  height  of  the  column 
of  mercury  and  its  fluctuations  could  in  this  way  be  recorded 
upon  a  writing  surface  —  a  revolving  drum  covered  with 
smoked  paper  — and  permanent  tracings  of  the  blood  pressure 
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Fig.  4-19  U-tube  of  mercury  enlarged  to  show  more  clearly  the 
manipulation  of  the  manometer  and  the  calculation  of  the  blood  pres¬ 
sure.  In  the  left  hand  sketch,  the  spring  clamps  2  and  3  (Fig.  4-18)  are 
closed,  and  clamp  i  has  not  been  applied.  The  mercury  in  both  limbs 
of  the  U-tube  is  therefore  open  to  the  atmosphere  and  at  the  same  level 
indicating  zero  pressure.  A  base  line  at  this  level  is  inscribed  on  the 
rotating  drum.  Clamp  i  is  now  applied  (right  hand  sketch),  clamp  2 
is  opened  and  the  tubing  up  to  the  mercury  column  filled  with  an 
anticoagulant  fluid  from  the  bottle  set  at  an  appropriate  height  (to 
give  a  pressure  approximately  that  of  the  blood  pressure).  Clamp  i 
is  released  slightly  to  permit  the  escape  of  air.  The  mercury  is  de¬ 
pressed  in  the  right  hand  limb  and  rises  in  the  limb  containing  the 
float  with  the  writing  point.  When  clamp  3  on  the  artery  is  now 
released,  the  writing  point  may  rise  or  fall  a  little  depending  upon  how 
closely  the  animal’s  blood  pressure  has  been  predicted.  Fluctuations 
due  to  the  heart  beat  now  appear  in  the  tracing.  The  height  of  the 
blood  pressure  is  indicated  by  the  distance  in  millimeters  between  A 
and  B  ■—  the  levels  of  mercury  in  the  two  limbs  of  the  U-tube  —  or, 
more  conveniently,  by  measuring  with  a  millimeter  rule  and  multiply¬ 
ing  by  two,  the  distance  from  the  base  line  (zero  pressure)  on  the  drum 
and  the  blood  pressure  tracing. 
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secured.  The  instrument  bearing  the  writing  surface  is  run 
by  clock-work,  and  is  known  as  a  kym&grafh.  Figures  4-18  and 
4-19  illustrate  the  manner  in  which  the  measurement  and  cal¬ 
culation  of  the  blood  pressure  are  made. 

The  phases  of  the  arterial  blood  pressure.  The  maximum 
blood  pressure  of  warm-blooded  animals  has  a  value  of  from  no 
to  150  mm.  of  mercury.  Unlike  certain  other  physiological 
functions,  e.g.,  heart  rate,  output  of  the  heart,  basal  metabolism. 

Fig.  4-20  Tracing  of  rab- 
5  bit’s  blood  pressure.  Left 
hand  sketch,  the  larger 
fluctuations  in  blood  pres¬ 
sure  are  due  to  the  res¬ 
pirations  (p.  225),  the 
jj  smaller  ones  to  the  heart 
beats.  The  tracing  near 
the  bottom  of  the  figure 
is  made  by  a  time  marker. 
On  the  right,  a  section  of 
the  tracing  is  enlarged; 
s  =  systolic  pressure; 
d  ==  diastolic. 

etc,  no  relationship  exists  between  the  height  of  the  blood  pres¬ 
sure  and  an  animal’s  size.  The  blood  pressure  of  the  rat,  for  ex¬ 
ample,  is  about  the  same  as  that  of  man.  The  arterial  blood 
pressure,  like  the  velocity  of  the  arterial  blood,  varies  rhyth¬ 
mically  with  the  beating  of  the  heart,  rising  to  a  maximum 
during  the  ventricular  contraction  (systole),  when  blood  is 
pumped  into  the  arteries,  but  falling  again  when  the  ventricle 
relaxes  (diastole).  The  pressure  reaches  its  lowest  level  just 
befcffc  the  next  beat.  These  variations  are  shown  in  Figure 
4-20,  which  is  a  blood  pressure  tracmg  obtained  from  the  ca¬ 
rotid  artery  of  an  animal  by  the  method  described  above. 

The  maximum  or  systolic  pressure  in  a  young  man  has  an 
average  value  under  ordinary  resting  conditions  of  around 
mm.  Hg.  It  may  be  a  little  above  this  value  or  10  mrn  Hg 
OT  so  Wow,  and  still  be  considered  within  the  normal  range 
The  minimum  or  diastolic  pressure  under  similar  conditions  is 
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around  8o  mm.  Hg.  The  pulsation  in  the  arteries  is  due  to  the 
difference  between  these  two  pressures,  and  is  therefore  called 
the  pulse  pressure;  it  amounts  to  (120  —  80=)  about  40  mm. 
Hg.  The  value  obtained  by  dividing  the  sum  of  the  values  for 
the  systolic  and  diastolic  pressures  by  two,  is  called  the  mean 
pressure.  Under  resting  conditions,  therefore,  the  mean  pres¬ 
sure  amounts  to 


/I20-|-8o\  „ 

I - ^ - 1  =  100  mm.  Hg. 

The  fluctuations  in  the  blood  pressure  due  to  the  contractions 
and  relaxations  of  the  ventricle  occur  so  rapidly  that  a  me- 
curial  manometer,  owing  to  the  inertia  of  the  mercury,  fails  to 


follow  them  closely,  but  always  shows  a  lag.  The  thrust  given 
to  the  mercury  by  the  systolic  rise  in  blood  pressure  is  of  such 
short  duration  that  the  heavy  liquid  does  not  reach  the  height 
which  it  would  do  were  the  pressure  rise  developed  more  grad¬ 
ually  or  sustained  for  a  longer  time.  The  systolic  pressure  as 
recorded  by  a  mercury  manometer  is,  in  consequence,  lower 
than  the  true  value.  In  Figure  4-20,  for  example,  the  fluctua- 
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tions  due  to  the  phases  of 
the  heart’s  action  would  be 
more  pronounced  if  the 
recording  apparatus  were 
lighter  in  weight  and,  there¬ 
fore,  showed  less  inertia. 
In  animal  experiments,  in 
which  it  is  desired  to  show 
the  true  blood  pressure  val¬ 
ues,  or  to  reveal  minor  fluc¬ 
tuations  on  the  main  waves, 
apparatus  of  lighter  weight 
is  employed,  the  mercury 
being  replaced  by  a  lighter 
liquid;  or  tubing,  and  a 
tambour  as  shown  in  Figure 
[ — 1  Nv  niethod 

-  r  -T-  recording  the  blood  pres- 

il  sure  in  man  (see  below),  in 

f  w  which  the  larger  artery  of 

I  II  the  arm  is  compressed  by  air 

p  — _ _ pressure  which  is  measured 

»uJ»  M  by  the  height  of  a  column  of 

11  mercury,  avoids  the  error 

^  ■  due  to  the  inertia  of  the 

mercury. 

dimcal  ^emen, 

the  blood  pressure  in  man.  Below,  arterial  blood  prCS- 

drawing  to  illustrate  the  principle;  SUre.  •  The  bloocl  pressure 
cr«s  section  the  arm,  with  the  is  measured  indirectly  in  the 

eccted  with  the  manometer.  numan  subject  by  means 

of  an  instrument  called  a 
sphygmomanometer  (see  Fig.  4-22).  This  comprises  a  flat  rub¬ 
ber  bg  about  5  inches  wide  and  8  inches  long,  enclosed  in  an 
envelope  of  cotton  cloth  to  prevent  it  from  stretching  under 
pressure.  Two  tubes,  one  connected  to  a  manometer  (mereu- 
rial  or  aneroid)  and  the  other  to  a  small  hand  pump  provided 
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with  valves,  communicate  with  the  interior  of  the  bag.  The 
cloth-covered  bag,  which  is  usually  referred  to  as  the  cup  or 
armlet,  is  wrapped  snugly  around  the  arm  above  the  elbow,  the 
tails  of  the  cloth  being  wound  bandage-fashion  to  hold  it  in 
position.  The  pressure  within  the  bag  is  raised  by  a  few  com¬ 
pressions  of  the  hand  bulb  until  the  pulse  at  the  wrist  disappears 
—  that  is,  until  the  air  pressure  overcomes  the  blood  pressure 
and  occludes  the  main  artery  (brachial)  of  the  arm.  The  ob¬ 
server  listens  with  a  stethoscope  placed  over  the  artery  in  front 
of  the  elbow  just  below  the  armlet,  while  he  gradually  reduces 
the  pressure  by  opening  the  valve  close  to  the  bulb.  As  the  air 
pressure  falls  and  allows  the  blood  to  escape  beneath  the  cuff 
and  fill  the  artery  below,  faint  tapping  sounds  synchronous 
with  the  heart  beats  are  heard.  The  reading  of  the  manometer 
at  which  the  sounds  are  first  heard  is  taken  as  the  systolic  pres¬ 
sure.  The  sounds  become  progressively  louder  as  the  air  pres¬ 
sure  is  reduced  further,  then  undergo  a  series  of  changes  in 
quality,  and  finally  disappear.  At  a  pressure  level  about  5  mm. 
above  that  at  which  they  disappear,  the  sounds  acquire  a  soft 
muffled  quality;  the  manometer  reading  at  which  this  occurs 
indicates  the  diastolic  pressure. 

The  method  of  measuring  the  blood  pressure  just  outlined  is 
called  the  auscultatory  method  (L.  auscultare,  to  listen).  It  is 
the  method  most  commonly  practiced. 

Blood  pressure  variations  in  health.  The  arterial  blood  pres¬ 
sure  is  influenced  by  a  number  of  physiological  conditions  — 
age,  sex,  muscular  exercise,  emotion,  digestion,  and  posture. 
In  the  newborn  baby  the  systolic  pressure  averages  40  mm.  Hg, 
but  reaches  a  value  of  around  80  mm.  Hg  by  the  end  of  the 
first  month.  It  rises  more  gradually  throughout  childhood,  at¬ 
taining  a  level  of  about  100  mm.  by  the  twelfth  year  and  120  or 
so  by  the  seventeenth.  It  remains  around  the  latter  level  for  a 
varying  number  of  years.  There  is  a  tendency  for  the  blood 
pressure  to  rise  gradually  after  the  twenty-fifth  year,  the  in¬ 
crease  in  systolic  pressure  averaging  about  0.5  mm.  Hg  per  year. 
For  example,  a  systolic  blood  pressure  of  135  mm.  Hg  or  so, 
though  normal  for  a  man  between  50  and  60  years  of  age,  would 
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be  too  high  for  one  between  20  and  30.  But  no  fixed  rule  can 
be  stated  with  respect  to  the  increase  in  blood  pressure  with  ad¬ 
vancing  years.  It  is  questionable  whether  the  tendency  can  be 
regarded  as  a  physiological  process,  as  is  generally  supposed; 
it  is  by  no  means  of  general  occurrence.  As  compared  with 
men  of  the  same  age,  women  usually  have  a  somewhat  lower 
blood  pressure. 

Muscular  exercise  causes  a  pronounced  temporary  rise  in  the 
blood  pressure,  the  systolic  pressure  rising  during  strenuous 
exertion  to  180  mm.  Hg  or  more;  the  diastolic  pressure  shows  a 
smaller  proportionate  rise.  The  pulse  pressure  is,  therefore,  in¬ 
creased  by  exercise.  A  change  from  a  lying  down  to  a  stand¬ 
ing  position  causes  a  rise  in  the  diastolic,  but  little  change  as  a 
rule  in  the  systolic  pressure;  the  pulse  pressure  is  therefore  re¬ 
duced. 

Emotion,  e.g.,  fear,  worry,  exciteitient,  etc.,  may  cause  a  rise 
of  several  millimeters  of  mercury  in  the  systolic  pressure;  the 
diastolic  pressure  is  raised  to  a  smaller  extent.  During  diges¬ 
tion  a  moderate  rise  in  the  systolic  pressure  with  little  change 
in  the  diastolic  occurs.  A  reduction  of  from  20  to  30  mm. 
Hg  in  the  systolic  pressure  occurs  during  restful  sleep,  but  if 
the  sleep  is  disturbed  by  exciting  or  terrifying  dreams,  the  sys¬ 
tolic  pressure  may  be  elevated  to  180  or  200  mm.  Hg. 

Arterial  hypertension.  A  persistent  elevation  of  the  arterial 
blood  pressure  above  the  normal  range  is  called  arterial  hyper¬ 
tension.  The  abnormally  high  pressure  is  due  to  spasm  of  the 
arterioles  (Le.,  to  an  increase  in  the  peripheral  resistance,  see 
p.  154).  The  systolic  pressure,  in  the  most  severe  cases  of  the 
disease,  may  amount  to  300 mm.  Hg,  and  the  diastolic  pressure 
to  150  nun.  Hg.  The  condition  leads  to  serious  consequences; 

It  throws  extra  work  upon  the  heart  and  subjects  the  arterial 
system  to  undue  strain.  Enlargement  of  the  heart,  followed 
eventually  by  cardiac  failure,  and  deterioration  of  the  arterial 
tissue  (arteriosclerosis)  result.  Rupture  of  a  diseased  cerebral 
v«^  may  cause  death;  or  death  may  result  from  the  kidneys 
failing  to  perform  their  functions  as  a  result  of  pathological 
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changes  in  the  renal  vessels.  There  are  two  types  of  arterial 
hypertension.  In  one  type,  called  primary  or  essential  hyperten¬ 
sion,  the  condition  occurs  unpreceded  by  kidney  or  any  other 
disease.  Essential  hypertension,  therefore,  may  cause,  but  is 
not  itself  the  result  of,  kidney  disease.  In  the  other  form, 
the  hypertension  is  a  consequence  of  chronic  kidney  disease 
(chronic  Bright’s  disease,  chronic  nephritis). 

A  few  years  ago  Dr.  Goldblatt  and  his  associates  in  Cleve¬ 
land  carried  out  an  interesting  and  highly  important  series  of 
experiments  upon  dogs,  which  has  shed  a  light  on  the  origin 
of  the  type  of  arterial  hypertension  developing  in  the  course  of 
chronic  renal  disease.  By  means  of  a  specially  devised  clamp, 
the  renal  artery  to  one  kidney  or  to  both  was  constricted  and 
the  renal  blood  flow  thus  reduced.  When  the  renal  artery  of 
one  side  alone  was  narrowed  in  this  rpianner,  the  blood  pressure 
rose  moderately  but  returned  to  normal  again  within  a  few 
weeks.  When,  however,  the  blood  flow  to  both  kidneys  was 
reduced,  or  to  one  kidney  only  and  the  other  kidney  then  re¬ 
moved,  the  blood  pressure  rose  to  a  higher  level  and  remained 
permanently  elevated.  There  now  seems  to  be  little  doubt  that 
the  high  blood  pressure  so  commonly  associated  with  kidney 
disease  is  the  result  of  some  interference  v^^ith  the  renal  blood 
supply. 

It  has  been  shown  that  a  reduction  in  the  renal  blood  flow 
results  in  the  production  by  the  kidney  of  a  chemical  substance 
which,  being  discharged  into  the  circulation,  acts  upon  the  mus¬ 
cular  walls  of  the  arterioles  throughout  the  body  to  cause  nar¬ 
rowing  of  the  caliber  of  these  vessels.  Such  vascular  constric¬ 
tion  is  the  direct  and  immediate  cause  of  high  blood  pressure. 
This  substance,  known  as  renin,  has  been  demonstrated  in  the 
blood  of  animals  suffering  from  experimental  hypertension  as 
well  as  in  patients  with  the  disease. 

The  possibility  that  essential  hypertension  is  also  due  to  some 
abnormality  in  the  renal  circulation  has  been  investigated  by 
a  number  of  research  workers,  but  definite  evidence  for  such  a 
connection  has  not  been  secured. 
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"Hie  factoK  responsible  for  the  maintenance  of  the  normal 
arterial  blood  pressure.  The  arterial  blood  pressure  is  the  re¬ 
sult  of  the  discharge  by  the  heart  into  the  arterial  system  of 
a  volume  of  blood  which  cannot  all  escape  through  the  periph¬ 
eral  vessels  into  the  venous  system  much  before  the  next  heart 
beat  occurs.  The  arterial  system  during  life  is  at  all  times  over¬ 
filled.  That  is,  the  elastic  arterial  walls  are  always  more  or  less 
stretched.  The  height  of  the  blood  pressure  is  therefore  de¬ 
pendent  upon  two  main  factors  —  the  output  of  the  heart,  and 
the  caliber  of  the  peripheral  vessels.  These  and  other  factors 
concerned  are  listed  below  and  will  be  considered  in  some  de¬ 
tail: 

1.  The  cardiac  output — that  is,  the  volume  of  blood  dis¬ 
charged  by  the  heart  per  minute; 

2.  The  peripheral  resistance; 

3.  The  total  blood  volume; 

4.  The  viscosity  of  the  blood; 

5.  The  elasticity  of  the  arterial  walls. 

The  cardiac  output.  It  has  been  mentioned  that  the  cardiac 
output  is,  as  a  rule,  augmented  by  increasing  both  heart  rate  and 
the  stroke  volume,  but  that  the  extent  to  which  each  of  these 
factors  participates  varies.  The  larger  amount  of  blood  dis¬ 
charged  per  minute  into  the  arterial  system  can  be  accom¬ 
modated  within  the  arterial  system  only  by  further  stretching 
of  the  arterial  walls.  Both  systolic  and  diastolic  pressures  rise, 
but  both  pressures  are  not  necessarily  raised  to  the  same  degree! 
When  the  increase  in  cardiac  output  is  the  result  mainly  of  an 
increase  in  the  stroke  volume,  the  systolic  pressure  rises  to  a 
grater  extent  than  the  diastoHc,  with  a  consequent  increase  in 
pulse  pressure  (Fig.  4-23).  If,  on  the  other  hand,  the  heart  rate 
IS  markedly  increased,  the  diastolic  pressure  tends  to  rise  to  a 
p-eate  extent  than  the  systoUc  because,  since  the  time  between 
tots  IS  shortened,  the  decline  in  pressure  during  the  diastole  of 
the  he^  IS  arrested  at  a  higher  level  by  the  arrival  of  the  next 

toL  The  pulse  pressure  is  therefore  reduced 
The  peripheral  resistance.  This  refers  to  the  small  vessels  at 
the  penphery— the  artenoles  and  capillaries  -  but  especially 
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to  the  former,  which,  as  already  mentioned,  offer  resistance  to 

the  passage  of  blood  from  the  arterial  system  into  the  veins. 
The  arterioles  and  capillaries  are  furnished  with  nerves  through 
which  their  caliber  may  be  altered  from  time  to  time. 

Constriction  of  the  peripheral  vessels  reduces,  temporarily, 
the  outflow  from  the  arterial  system,  and  in  accordance  with 
the  principle  stated  on  page  135,  a  rise  in  arterial  pressure  oc¬ 
curs,  provided  the  minute  volume  of  the  heart  is  not  at  the 


Fig.  4-23  Showing  the  effects  upon  systolic,  diastolic  and  pulse  pres¬ 
sures  of  an  increase  in  stroke  volume,  heart  rate  and  of  peripheral 
resistance.  ^  ^ 


same  time  reduced.  The  arterial  system  must,  therefore,  con¬ 
tain  more  blood  than  formerly,  and  the  arterial  walls  are  more 
forcibly  stretched.  The  pressure  rises  to  the  point  at  which 
the  quantity  of  blood  leaving  the  arterial  system  again  equals 
t  at  which  is  pumped  into  it  by  the  heart;  no  further  rise  in 
pressure  then  occurs.  Opposite  effects  are  produced  when  the 
peripheral  vessels  dilate.  The  pressure  falls  until  the  outflow 
from  the  arterial  system  again  just  balances  the  inflow.  The 
peripheral  resistance  may  be  compared  to  a  dam  in  a  river.  If 
the  dam  is  raised  or  lowered,  the  water  continues  to  rise  or  fall 
respectively  (that  is,  its  pressure  increases  or  decreases),  until  it 
reaches  the  new  level.  From  then  on,  the  quantity  of  water 

which  overflows  in  a  given  time  is  the  same  as  it  was  at  the 

original  level 

Variations  in  the  cahber  of  the  arterioles  of  the  abdominal 
(splanchnic)  region  are  more  effective  than  those  of  other  vas¬ 
cular  areas  in  causing  changes  in  the  blood  pressure.  The 
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splanchnic  vessels  when  fully  dilated  have  a  relatively  immense 
capacity  —  sufficient  to  accommodate  almost  the  entire  blood 
volume.  Some  sudden  and  strong  emotion  may  cause  their 
dilatation,  when  a  fall  in  arterial  pressure  and  loss  of  conscious¬ 
ness  (fainting  or  syncope)  may  result.  On  the  other  hand, 
stimulating  the  great  splanchnic  nerve  (the  large  nerve  of  the 
abdomen  through  which  nervous  impulses  reach  the  vessels, 
p.  212)  in  an  anesthetized  animal,  as  by^the  application  of  an 
electric  shock,  causes  constriction  of  the  abdominal  vessels  and, 
in  consequence,  a  pronounced  rise  in  blood  pressure. 

The  blood  volume.  A  sufficient  volume  of  blood  must  be 
available  to  overfill  the  arterial  system.  That  is  to  say,  the  ar¬ 
terial  walls  even  at  the  lowest  normal  pressure  (diastolic)  are 
on  the  stretch.  Any  considerable  reduction  in  blood  volume, 
as  by  hemorrhage,  causes  the  blood  pressure  to  fall.  Restora¬ 
tion  of  the  blood  volume  by  transfusion  of  blood  or  of  a  suita¬ 
ble  blood  substitute  (p.  79)  is  followed  by  a  rise  in  pressure. 

The  viscosity  of  the  blood.  Viscosity  may  be  defined  simply 
as  the  thickness  ”  of  a  liquid  or  the  resistance  which  a  liquid 
offers  to  its  movement  through  a  narrow  tube.  The  viscosity 

determined  by  measuring  the  time 
which  It  takes,  when  acted  upon  by  a  constant  force,  to  pass 
roug  a  given  length  of  a  capillary  tube.  The  viscosity  of 
water  IS  t^en  as  unity,  and  that  of  various  other  liquids  is  ex¬ 
pressed  relatively  to  that  of  water.  Thus,  alcohol  and  ether 
are  less  viscous  than  water,  while  glycerine,  oil,  and  syrup  are 
much  more  viscous  Blood  ilscif  is  some  5  dmes  more  vilcous 

(Sw  f""™  syringes  be 

Heal^  “  t'r,'  ^  P-ssure  wol' 

_  created  m  the  first  syrmge  than  in  the  second.  The  rela- 
wcly  high  viscosity  of  blood  increases  the  resistance  in  the  vas- 
ar  system;  It  tends  to  impede  the  flow  through  the  arterioles 

f  ^"“rions  in 

viscosity,  ttcrforc,  huve  an  effect  upon  the  blood  pressure 
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similar  to  that  caused  by  alterations  in  the  caliber  of  the  periph¬ 
eral  vessels.  The  relatively  high  viscosity  of  blood  is  due  to 
the  plasma  proteins,  and,  to  an  even  greater  extent,  to  the  cor¬ 
puscles.  The  viscosity  is  lowered  in  conditions  associated  with 
low  plasma  protein  concentration  and  in  some  anemias.  It  is 
increased  in  conditions  associated  with  a  high  corpuscular  con¬ 
centration  or  when,  as  a  result  of  the  loss  of  blood  water  (an- 
hydremia),  the  protein  concentration  of  the  blood  is  raised. 


4-24  Diagram  illustrating  the  dependence  of  diastolic  pressure 
upon  the  arterial  elasticity  and  peripheral  resistance.  Description  in 
text 


The  elasUctty  of  the  arterial  walls.  Did  the  arteries  possess 
rigid  and  not  elastic  walls,  the  systolic  pressure  would  be  higher, 
other  things  being  equal,  but  there  would  be  no  diastolic  pres¬ 
sure.  That  is  to  say,  the  arterial  blood  pressure  would  fall  to 
zero  between  the  beats  of  the  heart.  The  absence  of  a  rhyth¬ 
mical  variation  in  the  pressure  —  that  is,  of  a  pulse,  in  the  cap¬ 
illaries  and  veins  is  due,  in  turn,  to  the  existence  of  a  pressure 
in  the  arteries  during  diastole.  These  facts  are  best  illustrated 
by  means  of  a  model. 

In  Fi^re  4-24  is  represented  a  bulb  syringe,  S,  valved  at  A, 
and  having  a  short  tube,  B,  which  dips  into  a  basin  of  water! 
Leading  from  the  opposite  pole  of  the  bulb  is  a  longer  tube,  C. 
If  the  bulb  IS  alternately  compressed  and  released,  water  will  be 
drawn  from  the  basin,  and  discharged  from  the  mouth  of  the 
tu  e  (Fig.  4-24,  i).  If  the  walls  of  the  latter  are  composed  of 
some  rigid  material,  e.g.,  glass,  it  will  be  found  that  when  the 
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pump  is  worked  the  fluid  issues  from  the  tube  in  spurts  or  jets 
synchronous  with  each  stroke,  but  no  flow  occurs  between  the 
strokes.  An  increase  in  the  frequency  or  force  of  the  strokes 
does  not  alter  the  intermittent  character  of  the  flow,  nor  does 
lengthening  the  tubing.  If  the  peripheral  resistance  of  the  vas¬ 
cular  system  is  imitated  by  attaching  a  nipple  of  small  bore  to 
the  mouth  of  the  delivery  tube,  thus  increasing  the  resistance  to 
the  outflow  of  fluid,  the  issuing  stream  is  finer  and  its  velocity 
is  increased,  but  it  still  remains  intermittent  (Fig.  4-24,  2). 
Now  let  the  elasticity  of  the  arterial  wall  be  imitated  by  replac¬ 
ing  the  rigid  tube,  C,  by  one  of  rabber,  but  let  the  mouth  of 
the  tube  be  left  free  and  not  constricted  in  any  way  (Fig.  4-24, 
3).  The  intermittent  character  of  the  flow  from  the  tubing  is 
unaffected.  However,  if  the  small-bored  nipple  representing 
the  peripheral  resistance  be  fixed  into  the  mouth  of  the  elastic 
tubing  the  stream  will  be  found  to  have  lost  its  pulsjatile  char¬ 
acter  and  to  have  become  continuous  (Fig.  4-24, 4).  Two  factors 
are  therefore  necessary  to  produce  a  continuous  outflow,  (a) 
elastic  tubing  and  (b)  resistance  to  the  outflow.  The  reasons 
for  this  are  clear.  If  the  tubing  is  made  of  elastic  material,  its 
wall  is  distended  by  the  force  of  the  pump  and  energy  is  thus 
stored  up  which  is  expended  between  beats  as  the  elastic  wall 
recoils.  (See  Fig.  4-25.)  Thus  the  fluid  is  driven  along  the  tube 
durmg  the  pauses  of  the  pump.  Nevertheless,  if  the  fluid  can 
escape  freely  from  the  tube,  the  pressure  does  not  rise  to  a  suf¬ 
ficient  height  to  distend  the  rubber  wall  —  that  is,  elasticity  is 
not  called  mto  play,  over-filling  of  the  tube  does  not  occur  and 
in  cons^uencc  the  latter  acts  simply  as  though  it  were  com- 
posed  or  rigid  material. 


--/‘^^'^goHigracts  apply  directly  to  the  arterial  system.  The 

toy  cif  Ae  va^Iar  walls  and  the  peripheral  re Unce  are 
t»th  essential  for  the  development  of  the  diastolic  pressure  As 

fhln  systole,  the  added  pressure  wLh  is 

then  exerted  upon  the  vascular  walls  causes  their  further  dis- 
ensKm.  AftCT  the  completion  of  systole,  the  elastic  walls  re 
bound  (recoil)  and,  pressing  upon  the  blood  within  theh  em- 
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SYSTOLE 


DIASTOLE 


Fig.  4-25  Diagram  to  iiiustrate  the  storing  of  energy  of  the  heart’s 
contraction  in  the  elastic  arterial  walls  (at  root  of  aorta)  during  systole 
and  its  release  during  diastole.  Small  arrows  indicate  the  direction  of 
movement  of  the  arterial  walls  and  of  the  force  exerted  during  the  two 
phases.  Large  arrows  indicate  the  direction  of  the  blood  flow.  S.S.S. 
semilunar  (aortic)  valves. 


brace,  force  it  onward  through  the  peripheral  vessels.  In  other 
words,  the  arterial  lumen  returns  to  its  previous  diameter  and 
the  energy  that  had  been  stored  up  during  the  stretching  of  the 
elastic  tissue  is  in  this  way  gradually  expended  during  diastole 

•  4-25)- 

It  may  then  be  said  that  the  elastic  recoil  of  the  arterial  wall 
acts,  in  a  sense,  as  a  subsidiary  pump  to  drive  the  blood  onward 
in  a  continuous  stream  between  the  heart  beats.  Otherwise  the 
pressure  would  fall  to  zero  after  each  systole. 
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Interaction  between  the  several  factors  maintaining  the 
blood  pressure.  In  health,  the  several  factors  mentioned  m  the 
foregoing  paragraphs  interact  with  one  another  to  mamtain 
the  blood  pressure  at  a  fairly  constant  level.  When  a  chanp  oc¬ 
curs  in  one  factor  which,  acting  alone,  would  raise  or  lower 
the  pressure,  a  compensating  reaction  of  a  reflex  nature  occurs 
which  tends  to  offset  its  effects.  For  example,  a  moderate  re¬ 
duction  in  the  cardiac  output  or  in  blood  volume  (as  through 
hemorrhage)  is  not  necessarily  followed  by  a  fall  in  blood  pres¬ 
sure,  since  reflex  narrowing  of  the  calibers  of  the  small  vessels 
occurs,  that  is,  the  peripheral  resistance  is  increased.  Again, 
dilatation  of  the  arterioles  in  one  region,  which  of  itself  would 
lower  the  blood  pressure,  is  balanced  by  constriction  of  the 
minute  biocxi  vessels  in  another  (Loven  reflex).  Also,  in¬ 
creased  blood  volume  or  a  rise  in  blood  viscosity  which  alone 
would  cause  an  elevation  of  the  blood  pressure,  is  counteracted 
by  vasodilatation.  (See  also  pp.  211-215.) 


Capillary  and  Venous  Pressures 

It  has  been  mentioned  that,  except  for  the  sharp  drop  which 
occurs  in  the  region  of  the  arterioles,  the  blood  pressure  falls 
in  a  gradual  slope  from  the  left  to  the  right  side  of  the  heart 
(see  Fig.  4-14,  p.  138).  The  pressure  is  about  30  mm.  Hg  at 
the  arterial  end  of  the  capillary  and  about  12  mm.  at  the  venous 
end.  The  pressure  of  blood  in  the  great  veins  is  low  (although 
the  velocity  is  relatively  high)  and  at  the  entrance  of  these  ves¬ 
sels  into  the  right  auricle  is  only  some  5  mm.  H2O.  In  other 
words  the  energy  of  the  cardiac  contraction  has  been  almost 
entirely  expended  in  overcoming  the  resistance  offered  to  the 
flow  of  blood  thrcHigh  the  vascular  system. 

The  venous  pressure  may  be  measured  in  man  by  an  indirect 
method  based  upon  the  same  principle  as  that  employed  for 
the  measurement  of  the  arterial  blood  pressure,  but  water  or 
saline  is  used  in  the  manometer  for,  owing  to  the  low  pressure 
to  be  measured,  mercury,  which  is  some  thirteen  times  heavier 
than  these  liquids,  would  show  a  scarcely  measurable  change 
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in  level.  A  vein  is  selected  upon  the  bsick  of  the  h3.nd  and  a 
small  chamber  with  a  transparent  top  is  hermetically  sealed  by 
means  of  a  special  cement  to  the  overlying  skin  (Fig.  4-26). 
The  chamber  is  provided  with  two,  tubes,  one  of  which  is  con- 


Fig.  4-26  Measurement 
of  the  venous  blood  pres¬ 
sure.  The  small  chamber 
with  transparent  top  (A) 
is  cemented  to  the  skin 
over  a  superficial  vein. 
The  pressure  within  the 
chamber  is  raised  by 
means  of  the  pressure 
bulb  arrangement  B.  C, 

D,  until  the  vein  collapses. 

E,  manometer.  (After 
Hooker  and  Eyster.) 


nected  to  a  water  manometer,  the  other  to  a  hand  bulb.  The 
pressure  within  the  chamber  is  raised  by  a  few  compressions  of 
the  bulb  until  the  vein  is  seen  to  collapse.  The  pressure,  which 
at  this  point  just  balances  the  pressure  in  the  vein,  is  read  from 
the  manometer.  While  the  measurement  is  being  made,  the 
vein  under  observation  must  be  brought  to  the  level  of  the  right 
auricle;  otherwise,  the  hydrostatic  pressure  of  the  venous  blood 
—  that  is,  the  weight  of  the  blood  column  extending  from  the 
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vein  level  to  the  auricle,  would  be  added  to  the  pressure  due  to 
contraction  of  the  left  ventricle. 

The  pressure  of  blood  in  the  peripheral  veins,  such  as  those 
of  the  limbs,  amounts  to  from  6o  to  lOO  mm.  H2O;  it  falls 
progressively  through  the  larger  veins  to  the  right  auricle. 
{See  Fig.  4-14,  p.  138.) 


The  E§ect  of  Gravity  upon  the  Circulation 

When  the  human  subject  assumes  the  erect  posture  the  blood 
pressure  in  the  arteries  of  the  head  and  arms  is  not  reduced ;  as 
stated  on  page  152,  the  diastolic  pressure  actually  rises.  This  is 
so,  even  though  the  subject  makes  no  effort,  but  is  tilted  on  a 
movable  table  from  the  horizontal  to  the  upright  position.  If 
a  fall  in  blood  pressure  of  sufficient  magnitude  to  deprive  the 
the  brain  of  an  adequate  supply  of  blood  occurred  when  the 
body  changed  from  the  recumbent  to  the  standing  position, 
fainting  would  result.  Now,  in  order  to  maintain  the  blood 
pressure,  the  heart  pump  must  receive  an  adequate  supply  of 
blood.  The  question  then  arises,  “How,  when  the  body  is 
standing,  is  the  blood  conveyed  against  gravity  up  the  great 
veins  to  the  heart  ”  The  factors  concerned  are  four  in  num¬ 
ber: 

1.  The  rantraction  of  the  left  ventricle,  the  vis  a  ter  go  (force 
from  behind),  as  it  is  termed,  drives  the  blood  through  the 
arterioles  and  capillaries  and  along  the  veins  to  the  right  side 
of  the  heart. 

2.  The  respiratory  movements.  The  pressure  within  the 
thorax  (see  intrathoracic  pressure,  p.  253)  is  always  a  little  be¬ 
low  that  of  the  atmosphere.  This  “  negative  ”  pressure,  which 
is  exerted  upon  the  blood  through  the  thin-walled  auricle  and 
vena  cavac,  fluctuates  with  the  respiratory  movements,  being 
increased  (i.e.,  becoming  more  negative)  during  inspiration, 
wh^  it  amounts  to  about  — 6  mm.  Hg,  and  decreased  during 
expiration  to  about  —2.5  mm.  Hg.  The  intrathoracic  pressure 
thus  exerts  a  suction  effect  or  pull  (vis  a  fronte)  upon  the  col¬ 
umn  of  blood  m  the  large  veins  of  the  aMomen. 
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The  blood  is  also  forced  upward  during  inspiration,  for  when 
the  diaphragm  descends  it  increases  the  intra-abdominal  pres¬ 
sure.  The  increased  pressure  is  transmitted  to  the  blood  in  the 
veins;  since  the  blood  is  prevented  by  the  presence  of  valves  in 
the  large  veins  of  the  lower  limbs  from  passing  downward,  it 
is  propelled  upward.  The  respiratory  movements  thus  act  both 
as  a  force  pump  and  as  a  suction  pump  to  move  the  venous 
blood  toward  the  heart. 

The  effect  of  the  respiratory  movements  upon  the  flow  of 
blood  to  the  heart  is  especially  important  during  muscular  ex¬ 
ercise  when  the  excursions  of  the  chest  are  deep  and  rapid. 

3.  The  abdominal  and  limb  muscles.  When  one  is  stand¬ 
ing,  the  abdominal  muscles  contract  and  offer  a  firm  support 
for  the  large  veins  of  the  abdomen.  The  venous  walls  are  pre¬ 
vented  from  becoming  overdistended  under  the  weight  of  the 
blood  which  they  contain.  If  the  walls  of  the  veins  stretched 
and  so  increased  their  capacity,  a  larger  mass  of  blood  would 
be  accommodated  in  the  large  veins  of  the  abdomen,  and  the 
flow  to  the  heart  correspondingly  reduced. 

The  muscles  of  the  limbs  perform  a  similar  duty  for  the  limb 
veins.  Furthermore,  they  exert,  during  muscular  movements, 
a  varying  pressure  or  massaging  action  upon  the  veins.  By 
virtue  of  the  valves  in  the  veins  (Fig.  4-10,  p.  132),  any  pres¬ 
sure  upon  the  column  of  venous  blood  is  converted  into  an  up¬ 
ward  propulsive  movement. 

4.  Constriction  of  the  vessels  of  the  splanchnic  area. 
Through  the  action  of  the  vascular  nerves  (p.  212)  the  small 
vessels  —  arterioles,  capillaries,  and  small  veins  —  in  the  ab¬ 
domen  undergo  a  reduction  in  caliber,  and  so  in  capacity. 
Thus,  blood,  which  otherwise  would  collect  in  these  areas  when 
the  erect  posture  is  assumed,  is  directed  upward  into  the  large 
venous  trunks. 

In  quadrupeds,  the  mec(ianisms  for  raising  the  blood  against 
gravity  are  much  less  efl&cient  than  they  are  in  man  or  in  the 
apes.  The  dog,  however,  is  able  to  compensate  fairly  well  for 
the  gravity  effect,  but  the  domestic  rabbit  may  become  uncon¬ 
scious  or  even  die,  if  held  up  by  the  ears  for  any  considerable 
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length  of  time.  This  result  is  due  to  die  heart  being  inade¬ 
quately  supplied  with  blood  which,  owing  to  the  flabbiness  of 
the  abdominal  muscles  of  the  tame  rabbit,  collects  in  the  large 
veins.  Sheep  also  not  infrequently  become  unconscious  if  held 
in  a  vertical  position  during  shearing.  Fainting  (syncope)  in 
the  human  subject  is  in  most  instances  due,  not  to  any  affection 
of  the  heart  itself,  but  to  reduction  of  the  venous  flow  to  its 
chambers,  for  if  the  left  ventricle  does  not  receive  an  adequate 
supply  of  blood,  the  blood  pressure  in  the  vessels  of  the  brain  is 
not  sustained,  and  the  conscious  centers  suffer  from  lack  of 
oxygen.  Fatigue  or  some  strong  emotion  such  as  fear  or  shock 
may,  by  inducing  splanchnic  vasodilatation  and  imperfect  car¬ 
diac  filling,  cause  loss  of  consciousness.  Also,  a  person  who 
stands  quietly  for  some  time,  a  soldier  standing  at  attention  on 
parade,  for  example,  may  fall  in  a  faint  because  the  venous 
flow  is  unaided  by  muscular  movement.  Such  a  result  is  the 
more  likely  to  occur  if  he  is  fatigued,  or  if  the  day  is  hot  and 
the  vessels  of  the  skin  are,  therefore,  dilated.  The  treatment 
of  a  subject  in  a  faint  is  simple;  he  is  laid  in  the  horizontal  posi¬ 
tion,  the  effect  of  gravity  upon  the  circulation  being  thus 
abolished.  He  should  not  be  supported  in  the  sitting  position. 
As  a  matter  of  fact,  the  subject  of  a  faint  usually  does  the  right 
thing  himself— he  falls  to  the  ground.  Pressure  may  be  ap¬ 
plied  to  the  abdomen  in  order  to  force  blood  along  the  veins 
to  the  heart,  but  such  a  procedure  is  usually  unnecessary. 

The  Effects  of  Acceleration  upon  the  Circulation 

A  constant  speed,  however  ^eat,  has  in  itself  no  effect  upon 
the  circulation,  but  acceleration,  that  is,  a  change  in  velocity 
either  in  the  line  of  motion  {linear  acceleration)  or  a  change 
in  direction,  as  when  a  body  traveling  along  a  straight  course 
turns  into  a  curvilinear  one  (centripetal  acceleration),  may 
cause  profound  circulatory  effects.  Such  effects  not  uncom¬ 
monly  result  from  the  sudden  and  strong  changes  in  direction 
entailed  in  mflitary  flymg.  For  example,  a  pilot  pulling  out 
o  a  power  dive,  that  is,  changing  direction  at  high  velocity 
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from  a  downward  to  a  horizontal  and  upward  movement,  has 
his  head  directed  inward  toward  the  center  of  a  circular  course 
and  the  lower  part  of  his  body  directed  outward.  His  blood, 
as  a  result  of  centrifugal  force,  is  therefore  “  forced  ”  away  from 
the  head  into  the  lower  part  of  the  body.  The  high  pressure 
of  blood  in  the  capillaries  in  the  skin  of  the  lower  limbs  may 
result  in  small  cutaneous  hemorrhages.  The  return  of  venous 
blood  to  the  heart  is  reduced,  with  a  consequent  fall  in  the 
blood  pressure  in  the  cerebral  and  retinal  vessels.  Vision  is 
temporarily  lost  and  the  pilot  may  become  unconscious.  Such 
effects  are  commonly  referred  to  in  the  flier’s  parlance  as 
“  blackout.”  The  abdominal  organs  may  also  be  forced  down¬ 
ward  and  drawing  upon  the  diaphragm  embarrass  respiration. 
Any  maneuver  in  which  the  head  is  directed  outward,  that  is, 
toward  the  circumference  of  the  circular  movement,  causes  the 
reverse  effect  upon  the  circulation.  The  blood  is  now  “  forced  ” 
toward  the  head.  The  vessels  of  the  head  and  neck  become 
engorged  and  severe  throbbing  pain  in  the  head  is  experienced. 
The  eyes  feel  as  if  they  were  being  forced  from  their  sockets. 
There  may  be  mental  confusion.  Rupture  of  a  cerebral  or  ret¬ 
inal  vessel  may  result. 

The  force  exerted  upon  the  body  is  expressed  in  units  of 
gravitational  force  and  designated  -j-G  or  — G,  according  to 
whether  the  acceleration  is  positive  or  negative,  that  is,  accord¬ 
ing  to  whether  the  blood  is  driven  away  from  or  toward  the 
head,  respectively.  A  force  twice  that  of  gravity  is  referred  to 
as  2  Gs;  one  three  times  gravity  as  3  Gs,  and  so  on.  Persons 
vary  with  respect  to  the  centrifugal  force  which  they  can  with¬ 
stand  before  “  blackout  ”  occurs.  The  limit  for  most  pilots  is 
between  5  and  6  Gs  (+).  During  the  last  war,  double-walled 
suits  were  fashioned  which  were  worn  by  fighting  airmen  in 
order  to  prevent  “  blackout  ”  effects.  Air  under  pressure,  or 
water  between  the  two  layers  of  the  suit,  by  affording  support 
to  the  tissues  of  the  lower  part  of  the  body,  prevented  the  dis¬ 
tension  of  the  vessels  and  the  pooling  of  blood  in  this  region. 
Thus  the  vital  centers  of  the  brain  were  assured  of  an  adequate 
supply  of  blood. 
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The  Arterial  Pulse 

The  puise  in  the  arteries  is  due,  of  course,  to  the  beat  of  the 
heart.  Though  all  arteries,  large  and  small,  pulsate,  the  pulse  is 
felt  most  conveniently  by  placing  the  finger  upon  the  radial 
artery,  which  lies  near  the  outer  border  of  the  palmar  aspect  of 
the  wrist.  In  health  the  rate  of  the  pulse,  when  the  body  is  at 
rest  or  engaged  in  some  light  occupation,  is  around  yo  per 
minute.  The  pulse  is  a  pressure  change  transmitted  as  a  wave 
through  the  arterial  wall  and  blood  column  to  the  periphery. 
Though  caused  by  the  discharge  of  blood  into  the  arterial  sys¬ 
tem,  it  is  in  the  nature  of  a  transmitted  impact,  and  is  not  due 
to  the  passage  of  the  ejected  blood  itself.  For  example,  when 
one  places  a  finger  upon  the  artery  at  the  wrist  the  pulse  beat 
which  is  felt  is  not  due  to  the  arrival  of  blood  which  has  been 
discharged  an  instant  before  from  the  left  ventricle  into  the 
arterial  system,  but  is  due  rather  to  the  shock  or  impact  given 
to  the  resilient  arterial  walls  by  the  sudden  entrance  of  that 
blood  into  the  aorta.  The  wave  thus  set  up  in  the  wall  of  the 
aorta  and  in  the  column  of  blood  therein  travels  from  lo  to  15 
times  more  rapidly  than  does  the  blood  itself,  and  quite  inde¬ 
pendently  of  it.  The  blood,  as  we  have  seen,  has  a  velocity  of 
around  half  a  meter  per  second  in  the  aorta,  and  less  than  that 
in  the  smaller  arteries.  The  speed  of  the  pulse  wave  is  from 
5  to  8  meters  per  second,  and  is  practically  the  same  throughout 
the  arterial  tree.  That  the  pulse  travels  quite  independently 
of  the  blood  flow  is  evident  from  the  observation  that  in  an  ar¬ 
tery  which  has  been  tied  across  so  that  no  blood  flows  through 
it,  the  pulse  is  not  abolished,  but  travels  in  the  usual  manner  up 
to  the  point  of  occlusion  (Fig.  4-27). 

The  velocity  of  transmission  of  the  pulse  wave  is  dependent 
upon  the  character  of  the  arterial  wall.  Were  arteries  made  of 
unyielding  material  (e.g.,  glass),  they  and  the  incompressible 
blood  within  them  would  constitute  a  rigid  system  and,  there¬ 
fore,  transmit  an  impact  almost  instantaneously  from  end  to 
end.  The  arteries  are,  however,  elastic  and,  in  consequence, 
transmit  a  shock  applied  to  their  walls  much  more  slowly. 
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The  arteries  become  less  resilient  with  age  and  the  speed  of 
the  pulse  wave  therefore  increases.  At  five  years  of  age,  for 
example,  the  velocity  of  the  pulse  wave  is  around  5  meters  per 
second,  whereas  at  the  age  of  80  it  is  in  the  neighborhood  of 
8  meters  per  second.  In  arteriosclerosis,  in  which  condition  the 
arteries  are  abnormally  rigid,  the  pulse  wave  has  a  still  higher 
velocity.  The  speed  of  the  pulse  wave  can  be  measured  by  plac- 
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Fig.  4-27  Showing  successive  stages  in  the  trans¬ 
mission  of  a  pulse  in  a  ligated  artery. 

ing  two  levers,  one  upon  an  artery  ne^r  the  heart,  the  other 
near  the  periphery,  and  timing  the  arrival  of  the  pulse  at  the 
two  poirits.  This  distance  between  the  two  points  is  then  meas¬ 
ured.  The  distance  (in  millimeters)  divided  by  the  time  (in 
seconds)  which  the  pulse  wave  has  taken  to  pass  between  the 
two  points  will  give  the  velocity  (in  millimeters  per  second). 
D 

Thus,  —  =  V,  where  D  =  distance  in  millimeters,  T  =  time, 

in  seconds  and  V  =  velocity  in  millimeters  per  second. 

The  instrument  employed  for  obtaining  a  graphic  record 
(tracing)  of  the  pulse  wave  is  called  a  sphygmograph  (see  Figs. 
4-28  and  4-29).  The  upstroke  of  the  curve  drawn  by  this  in¬ 
strument  during  the  passage  of  the  pulse  wave  is  abrupt  and  is 
called  the  anacrotic  limb  ( Gk.  ana  —  up,  crotos  =  pulse) .  The 
downstroke  has  a  more  gradual  inclination  and  is  called  the 
catacrotic  limb  Gk.  cate  =  down).  The  catacrotic  limb  shows, 
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a  short  distance  from  the  peak  of  the  primary  wave,  a  second¬ 
ary  elevation  known  as  the  dtcvotic  wave,  which  is  immediately 
preceded  by  a  slight  negative  fluctuation  called  the  dicrotic 
notch.  The  latter  is  due  to  the  slight  backward  movement  (i.e.. 


Fig,  4-28  JJpfer  drawing,  Dudgeon’s  sphygmograph  in  position. 
Lower,  diagram  of  mechanism.  Cl,  clock-work  driving  the  smoked 
paper,  Tr.,  under  the  writing  point  of  the  lever,  L.  Sp.  is  a  steel  spring 
with  a  button,  B,  which  is  applied  over  the  radial  artery.  With  each 
expansion  of  the  artery  the  button  is  moved  upwards  and  causes  a 
movement  of  the  system  of  levers  as  indicated  by  the  arrows. 

toward  the  heart)  of  the  blood  column  in  the  artery,  when  the 
ventricle  commences  to  relax.  The  dicrotic  wave  is  caused  by 
the  checking  of  this  backward  movement  of  the  blood  column 
and  its  rebound  from  the  aortic  valves  which,  coming  into 
accurate  apposition  at  the  end  of  ventricular  systole  (see 
p.  186),  prevent  the  leakage  of  blood  into  the  relaxing  ventricle. 
When  the  aortic  valves  are  removed,  or  hooked  back  with  wires 
to  prevent  their  closing,  the  dicrotic  wave  is  not  seen.  In  nor¬ 
mal  circumstances  dicrotic  fluctuations  can  be  revealed  only  by 
means  of  some  graphic  method  of  recording;  they  cannot  be 
felt  by  the  finger  placed  upon  the  pulse.  In  certain  conditions, 
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however,  in  which  the  blood  pressure  is  abnormally  low  and 
the  arterial  wall,  in  consequence,  less  tense,  the  dicrotic  wave 
may  be  felt  as  a  distinct  tap  following  the  main  wave.  A  pulse 
of  this  character  —  the  so-called  dicrotic  pulse  —  is  not  uncom- 
rnonly  present  in  typhoid  fever. 

Fig.  4-29  Tracing  of  ra¬ 
dial  pulse.  I,  anacrotic 
limb;  2,  dicrotic  wave; 

3,  dicrotic  notch. 

It  should  be  mentioned  that  the  height  of  the  pulse  tracing 
gives  no  indication  of  the  height  of  the  systolic  blood  pressure. 
Nor  does  the  pulse  wave  as  traced  by  the  sphygmograph  give 
any  indication  of  the  length  of  the  pulse  wave  itself.  The  pulse 
wave  in  the  arterial  system  is  actually  a  long  swell  measuring 
from  5  to  6  meters  (i6  to  20  feet),  that  is,  several  times  longer 
than  the  arterial  system  itself. 


The  Structure  and  Physiological  Properties 
of  Cardiac  Muscle 

The  fibers  of  heart  muscle  possess  cross  striations,  but  these  are 
less  well  marked  than  those  of  skeletal  muscle.  Unlike  the  cells 
of  skeletal  muscle  the  cardiac  fibers  have  no  sarcolemma  sepa¬ 
rating  or  insulating  one  fiber  from  another.  On  the  contrary, 
they  give  rise  to  branched  processes,  slips  or  bridges,  which  join 
neighboring  fibers  and  thus  establish  continuity  between  them. 
The  heart  muscle  is  therefore  in  reality  a  syncytium  —  that  is, 
a  large  multinucleated  mass  of  protoplasm  rather  than,  like 
skeletal  muscle,  a  number  of  separate  units  bound  together  (see 
Fig.  4-30). 

The  physiology  of  cardiac  muscle  will  be  taken  up  under  the 
following  heads:  (i)  excitability  and  contractility,  (2)  rhyth- 
micity  and  (3)  conductivity, 

I.  Excitability  and  contractility.  Heart  muscle  responds  by 
a  contraction  of  its  fibers  to  the  various  types  of  stimulus,  ther¬ 
mal,  chemical,  mechanical  or  electrical,  which  excite  skeletal 
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muscle.  Its  response  follows  the  “all  or  none  law  or  prin¬ 
ciple.  This  law,  which  also  applies  to  the  conduction  of  the 
nerve  impulse  (p.  516)  and  to  the  contraction  of  an  isolated 
fiber  of  skeletal  muscle  (p.  536),  states  that  a  stimulus,  if  it 


Fig.  4-30  Cardiac  muscle  fibers. 


produces  a  response  at  all,  will  produce  the  majcimum  response 
of  which  the  tissue  is  capable  under  the  conditions  existing  at 
the  moment.  That  is  to  say,  increasing  the  strength  of  a 
stimulus  above  that  which  is  just  necessary  to  excite  the  heart 
muscle  (threshold  strength)  does  not  increase  the  force  of  its 
conlxaction. 

Treppe.  When  the  heart  muscle  is  stimulated  at  regular  in¬ 
tervals,  the  first  few  contractions  increase  progressively  in  am- 
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plitude.  From  the  appearance  given  to  the  tracing  by  the  ini¬ 
tial  contractions  (Fig.  4-31),  this  behavior  is  referred  to  as 
treppe  or  the  staircase  phenomenon.  It  is  probably  due  to  the 
beneficial  effect  exerted  upon  one  contraction  by  the  rise  in 
temperature  and  the  acid  metabolites  (carbon  dioxide  and  lac¬ 
tic  acid)  produced  during  the  contraction  or  contractions  which 
have  preceded.  The  phenomenon  of  treppe  does  not,  as  may 
at  first  appear,  contradict  the  “  all  or  none  ”  law,  for  the  con¬ 
ditions  in  the  muscle  —  that  is,  a  rise  in  the  temperature  and 
acidity  —  have  been  altered  by  the  initial  contractions. 


4-31  Record  of  a  series  of  contractions  of  frog’s  heart  caused  by 
electrical  stimulation  of  the  ventricle.  The  ventricle  was  rendered 
quiescent  by  drawing  a  tight  ligature  (Stannius’  ligature)  between  the 
auricles  and  the  ventricles.  Tracings  taken  on  a  rapidly  moving  sur¬ 
face.  First  contraction  (i)  the  lowest,  last  contraction  (to)  the  highest. 
(After  Halliburton) 

Refractory  periods.  Heart  muscle  will  not  respond  to  a 
stimulus  while  it  is  contracting;  in  this  it  differs  from  skeletal 
muscle  (p.  537).  This  time,  during  which  the  cardiac  muscle 
is  unresponsive  to  stimulation,  is  called  the  absolute  refractory 
period.  The  absolute  refractory  period  of  heart  muscle  is,  there¬ 
fore,  of  the  same  duration  as  the  period  of  contraction.  The 
absolute  refractory  period  is  followed  by  one  in  which  the  mus¬ 
cle  gradually  recovers  its  excitability.  At  the  beginning  of  the 
latter  —  that  is,  at  the  commencement  of  cardiac  relaxation  — 
a  stronger  stimulus  is  required  for  excitation,  and  the  force  of 
the  contraction  which  results  is  less  than  the  normal.  Excita¬ 
bility  increases  progressively  and  reaches  its  full  value  only 
when  relaxation  is  complete.  This  phase  of  depressed  but 
gradually  increasing  excitability  is  called  the  rel  \tive  refractory 
period. 
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2.  Rhythmicity.  This  is  an  outstanding  characteristic  of  the 
heart.  The  heart  of  the  frog  will  contract  spontaneously  and 
rhythmically  for  a  considerable  length  of  time  after  its  removal 
from  the  body,  if  simply  kept  moist  with  physiological  saline 
(0.6  per  cent  solution  of  sodium  chloride).  The  rhythmicity  is 
also  an  inherent  property  of  the  mammalian  heart;  it  occurs 
quite  independently  of  the  central  nervous  system  (see  perfu¬ 
sion  of  the  heart,  p.  173). 

When  the  heart  of  an  animal  is  stimulated  by  an  electric 
shock  or  a  series  of  such  shocks,  the  rhythm  may  be  disturbed, 
made  irregular  or  more  rapid,  but  it  will  not,  as  will  skeletal 
muscle  (p.  527),  give  a  sustained  (tetanic)  contraction.  The 
cardiac  contractions  are  always  intermittent.  Summation  of 
contractions  and  tetanus  cannot  take  place  in  heart  muscle. 
This  fact  is  dependent  upon  the  refractory  period  and  ensures 
a  pause  between  contractions,  an  essential  requirement  in  order 
that  the  heart  can  perform  its  pumplike  function.  The  heart 
muscle  must  first  cease  to  contract  and  recover  at  least  part  of 
its  excitability  before  another  contraction  can  be  evoked. 

Extrasystoles  or  premature  beats  of  the  ventricle.  If,  when 
the  heart  is  beating  naturally,  the  ventricle  is  stimulated  during 
its  relaxation  phase,  a  contraction  occurs  which  varies  directly 
in  strength  with  the  excitability  of  the  muscle;  this,  as  just  men¬ 
tioned,  rises  progressively  throughout  the  relative  refractory 
period.  The  maximal  response  is  therefore  obtained  at  the  end 
of  the  latter.  The  response  caused  by  the  artificial  stimulus  is 
called  a  premature  beat  or  extrasystole.  Premature  beats  occur 
in  the  human  heart  as  a  result  of  some  abnormal  stimulation 
(p.  199),  such  as  by  some  chemical  agent  carried  in  the  blood 
stream.  The  excessive  use  of  tobacco  is  not  infrequently  a 
cause.  An  unusually  long  resting  interval  known  as  the  com¬ 
pensatory  pause  follows  the  extrasystole  (see  Fig.  4-32).  The 
pause  is  caused  in  the  following  way.  The  impulses  causing 
the  normal  heart  beat  originate  at  regular  intervals  in  the  upper 
part  of  the  right  auricle  and,  spreading  downward,  excite  the 
rest  of  the  heart.  When  an  extrasystole  of  the  ventricle  occurs, 
the  next  regular  impulse  from  the  auricle  usually  reaches  the 
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ventricle  while  it  is  absolutely  refractory  —  that  is,  while  it  is 
still  in  the  contracted  state  as  a  result  of  the  abnormal  stimulus. 
The  muscle  therefore  fails  to  respond.  Not  until  the  next  nor¬ 
mal  impulse  arrives  is  the  heart  capable  of  contracting. 

Fig.  4-32  Extrasystoies.  Record  of 
contractions  of  frog’s  ventricles. 

Upper  row  of  arrows  and  dotted 
lines  indicate  the  arrival  of  the 
auricular  impulse  in  the  ventricular 
muscle.  Slanting  arrows  in  this 
and  succeeding  tracings  indicate  the 
application  of  the  artificial  stimulus. 

In  tractings  i,  2  and  3  the  artificial 
stimulus  is  applied  during  the  con¬ 
traction  of  the  muscle,  and  is  there¬ 
fore  ineffective  (absolute  refractory 
period).  In  4,  5  and  6  the  stimu¬ 
lus  falls  in  the  relative  refractory 
period  and  gives  rise  to  an  extra¬ 
systole,  its  amplitude  being  greater 
the  later  in  the  relaxation  phase 
that  the  stimulus  is  applied.  A  long 
pause  follows  the  extrasystole  be¬ 
cause  the  auricular  impulse  reaches  the  ventricular  muscle  during  the 
refractory  phase,  and  is  therefore  ineffective.  E  =  extrasystole. 

3.  Conductivity.  We  have  seen  that,  as  a  result  of  the  fusion 
of  branches  or  slips  of  one  fiber  with  those  of  its  neighbors,  the 
heart  muscle  is  a  continuous  protoplasmic  mass.  When,  there¬ 
fore,  one  part  of  the  muscle  is  stimulated,  the  excitatory  process 
spreads  without  interruption  to  all  its  parts.  In  the  mammalian 
heart,  the  property  of  rapid  conduction  has  been  developed  to 
a  very  high  degree  in  a  system  of  specialized  tissue  in  the  in¬ 
terior  of  the  heart.  This  system  will  be  dealt  with  shortly 
(p.  178). 

Perfusion  of  the  Excised  Heart 

Under  appropriate  conditions  the  excised  mammalian  heart 
will  continue  to  beat  for  several  hours.  Even  the  human  heart 
has  been  revived  after  death,  and  made  to  beat  rhythmically  for 
a  time  after  its  removal  from  the  body. 
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Fig.  4-33  Showing  appa¬ 
ratus  for  the  perfusion  of 
the  isolated  mammalian 
heart  A,  tube  conduct¬ 
ing  Ringer’s  solution  to 
the  heart  The  lower  end 
of  this  tube  is  tied  into 
the  aorta  so  that  fluid  is 
distributed  through  the 
coronary  circulation  to  all 
parts  of  the  cardiac 
muscle.  B,  waterjacket 
through  which  warm 
water  (37.5®  C)  circu¬ 
lates;  C,  thermometer. 


In  tJie  perfusion  of  the  excised  heart  a  fluid  resembling  the 
plasma,  in  so  far  as  its  inorganic  constituents  are  concerned, 
must  be  employed.  The  perfusion  fluid  should  be  delivered 
under  pressure  to  the  blood  vessels  of  the  heart  (coronary  sys¬ 
tem,  p.  223)  in  order  that  it  shall  reach  all  parts  of  the  cardiac 
muscle;  the  temperature  of  the  fluid  should  be  that  of  a  warm¬ 
blooded  animal,  namely,  about  98.6°  Fahrenheit.  The  per- 
fasion  is  performed  in  the  followmg  way.  A  cannula  is  tied 
into  the  aorta  and  connected  by  rubber  tubing  to  a  reservoir 
filled  with  the  perfusion  fluid  and  placed  at  a  height  of  about 
5  feet  above  the  level  of  the  heart ;  the  fluid  is  thus  driven  into 
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Fig.  4-34  Tracings  showing  the  effects  of  sodium,  potassium,  and  cal¬ 
cium  upon  the  action  of  the  heart.  Not  until  all  three  cations  are  in 
the  proportions  present  in  Ringer’s  solution  (lowest  tracing)  is  cardiac 
behavior  normal  in  character  (kindness  of  Dr.  K.  G.  Watkin). 

the  coronary  arteries  which  arise  from  the  root  of  the  aorta 
just  beyond  the  semilunar  valves.  The  aortic  valves  are  closed 
by  the  pressure  of  the  fluid  so  that  none  enters  the  ventricle  di¬ 
rectly.  After  passing  through  the  coronary  system  (arteries, 
arterioles,  capillaries,  and  veins),  the  fluid  enters  the  chambers 
of  the  heart  from  which  it  is  allowed  to  escape  through  knife 
cuts  made  in  the  walls  of  the  ventricles  (see  Fig.  4-33). 

The  heart  muscle  must  be  supplied  with  oxygen.  This  is  ac¬ 
complished  by  bubbling  oxygen  or  simply  air  through  the  fluid 
in  the  reservoir. 
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It  is  of  rhe  utmost  importance  that  the  perfusion  fluid  con¬ 
tains  the  three  inorganic  cations  Na"^,  Ca7  and  in  properly 
balanced  proportions.  This  fundamental  fact  was  first  demon¬ 
strated  many  years  ago  by  Sidney  Ringer,  an  English  physiol(> 
gist  (see  Fig.  4-34).  Experimenting  with  the  excised  frog’s 
heart  he  found  that  the  heart  beat  could  be  maintained  for  a 
short  time  only,  when  physiological  saline  (0.6  per  cent  sodium 
chloride  solution)  was  used.  The  addition  of  a  very  small 
amount  of  calcium  restored  the  beat,  but  the  pauses  between 
beats  (diastolic  periods)  became  shorter  and  shorter,  and  the 
heart  came  to  a  standstill  in  a  firmly  contracted  state;  this  con¬ 
dition  is  called  calcium  rigor.  When  potassium  instead  of  cal¬ 
cium  was  added  to  the  physiological  saline  the  diastolic  pe¬ 
riods  became  progressively  longer,  and  the  heart  ceased  to  beat 
in  a  fully  relaxed  state  (diastole).  This  effect  is  referred  to  as 
potassium  inhibition.  A  fluid  prepared  to  contain  sodium,  cal¬ 
cium,  and  potassium  chloride  in  suitable  proportions  (sodium 
chloride  0.6  per  cent  for  the  frog  heart  or  around  0.9  per  cent 
for  the  mammalian  heart,  with  the  other  salts  in  the  propor¬ 
tions  shown  in  Table  10)  will  sustam  the  beat  for  long  periods. 
This  is  known  as  'Ringer’s  solution.  If  the  perfusion  fluid  con¬ 
tains  calcium  in  excess,  the  effect  is  the  same  as  if  it  contained 
calcium  in  normal  concentration  but  lacked  potassium;  cal- 

TABLE  10 


Percentage  composition  of  Ringer’s,  Locke’s  and  Tyrode’s 
solutions,  used  in  perfusion  of  the  mammalian  heart 


Ringers 

Locke's 

Ty  node's 

Solution 

Solution 

Solution 

Sodium  chloride  . . 

—  0.900 

0.900 

0.80 

Potassium  chloride  . . 

—  0.040 

0.042 

0.02 

Calcium  chloride,  ..... _ 

—  0.025 

0.024 

0.02 

Magnesium  chloride  ...... 

....  — 

_ 

O.OI 

Sodium  bicarbonate  .... 

. . . .  0.020 

0.020 

O.IO 

Monosodium  phosphate  .  .  . 
Glucose  ....... 

. . . .  0.001 

O.IO 

0.005 

O.IO 
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cium  rigor  ensues.  On  the  other  hand,  when  potassium  is  in 
excess  the  effect  is  the  same  as  when  calcium  is  lacking  and  po¬ 
tassium  present  in  the  correct  concentration;  potassium  inhibi¬ 
tion  is  induced.  The  effects  of  these  two  cations  upon  the 
action  of  the  heart  muscle  are  therefore  antagonistic,  one  fa¬ 
voring  contraction,  the  other  relaxation.  Only  when  they  are 


Fig.  4-35  Diagram  of  a  frog’s  heart  from  behind. 

Part  of  the  wall  of  the  sinus  venosus  has  been  cut 
away.  L.S.V.C.,  left  superior  vena  cava;  R.S.V.C., 
right  superior  vena  cava. 

present  in  balanced  proportions,  as  in  blood  plasma,  can  the 
normal  rhythm  of  the  heart  be  sustained. 

The  reaction  of  the  perfusion  fluid  is  also  of  prime  impor¬ 
tance.  The  optimum  reaction  is  around  a  pH  of  7.4.  If  the 
fluid  is  too  alkaline,  an  effect  is  produced  upon  the  heart  re¬ 
sembling  that  of  an  excess  of  calcium;  if  the  hydrogen  ion  con¬ 
centration  is  too  high  (pH  7.0),  it  induces  an  effect  similar  to 
that  caused  by  an  excess  of  potassium. 

Loc\e’s  solution  and  Tyrode’s  solution  are  modifications  of 
Ringer’s  original  fluid.  They  contain  glucose,  added  for  the 
purpose  of  furnishing  fuel  for  the  heart  muscle,  and  sodium 
bicarbonate  (0.02  per  cent)  which  maintains  the  fluid  at  op¬ 
timum  hydrogen  ion  concentration.  Tyrode’s  solution  con- 
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tains,  as  well  as  bicarbonate,  the  phosphate  buffers  —  diso- 
diiim  and  monosodium  phosphates  (Na2HP04  and  NaHaPOi) . 
See  Table  lo. 

Until  quite  recently  it  had  been  thought  that  glucose  con¬ 
stituted  the  chief  fuel  of  cardiac  muscle.  It  now  appears  that 
the  heart  uses  glucose  to  a  minor  extent;  its  main  fuel  is  lactic 
acid.  Lactic  acid  is  formed  during  muscular  contraction  from 
the  breakdown  of  glycogen  (p.  547)*  formed  from 

glucose  in  the  blood,  and  in  the  lungs  at  all  times.  The  lactic 
acid  so  produced  is  utilized  by  the  heart  muscle  to  furnish 
energy  for  its  contraction. 


4-3^  Showing  the  specialized  conducting  tissues  of  the  heart. 
Semidiagrammatic.  S.V.C.,  superior  vena  cava;  LV.C.,  inferior  vena 
cava;  R.A.,  right  auricle;  R.V.,  right  ventricle. 


The  Origin  and  Conduction  of  the  Heartbeat 
III  the  slowly  beating  heart  of  the  frog  each  beat  rnay  be  seen 
to  arise  Rt  the  junction  of  the  great  veins  with  the  sinus  venosus 
~  a  chamber  situated  between  these  veins  and  the  right  auricle 
(xt  Fig.  4-35).  The  sinus  venosus  is  present  in  the  mammalian 


ORIGIN  AND  CONDUCTION  OF  THE  HEARTBEAT  I79 

embryo  but  disappears  during  development.  In  the  heart  of 
the  frog  or  the  turtle,  the  beat  spreads  from  the  sinus  venosus 
through  the  muscle  of  the  auricles  and  ventricles.  When  a 
ligature  is  drawn  tightly  around  the  frog^s  heart  at  the  junction 
of  the  sinus  with  the  auricle  (ist  Stannius  ligature),  or  at  any 
lower  level,  the  impulse  through  the  muscle  is  blocked  and  the 
heart  below  the  block  ceases  for  a  time  to  beat.  lajh^ijdult 
mammalian  heart,  a  ring  of  fibrous  tissue  is  interposed  between 
the  auricles  and  the  ventricles;  the  beat  therefore  cannot  be 
transmitted  from  the  upper  to  the  lower  cardiac  chambers  by 
muscular  tissue.  But  a  system  of  specialized  tissue  —  the  junc¬ 
tional  or  nodal  tissues  —  has  been  developed  in  the  mammalian 
heart,  which  possesses  the  property  of  rhythmical  impulse  for¬ 
mation  and  conductivity  to  a  higher  degree  than  the  muscle 
composing  the  auricular  and  ventricular  walls.  The  beat  is 
generated'  in  a  small  mass  of  tissue  belonging  to  this  system, 
situated  in  the  wall  of  the  right  auricle  near  its  junction  with 
the  superior  vena  cava.  This  circumscribed  knot  of  tissue  dif¬ 
fers  in  structure  from  the  surrounding  auricular  muscle,  being 
composed  of  muscle  cells  of  a  primitive  type  (Purkinje  fibers), 
together  with  nerve  fibers  and  a  few  nerve  cells.  It  is  called 
the  sino-auricular  or  sino-atrial  (S-A)  node  (Fig.  4-36),  and  is 
believed  to  be  derived  from  the  wall  of  the  sinus  venosus  of  the 
embryonic  heart  where  this  chamber  joined  the  auricle.  Heat¬ 
ing  or  cooling  the  S-A  node  accelerates  or  slows,  respectively, 
the  rate  of  the  heart.  From  such  and  other  facts,  it  seems  quite 
certain  that  the  impulse  which  causes  the  beat  of  the  heart  is 
generated  within  this  node  of  special  tissue.  The  sino-auricular 
node  is  therefore  commonly  referred  to  as  the  pacemaker  of  the 
heart.  The  impulse  spreads  as  a  wave  —  the  excitation  wave 
—  in  all  directions  through  the  muscle  of  the  auricles.  The  na¬ 
ture  of  the  excitation  wave  cannot  be  defined  precisely,  but  at 
any  rate  it  is  known  to  be  accompanied  by  an  electrical  change, 
and  is  followed  immediately  (within  0.02  second)  by  contrac¬ 
tion  of  the  cardiac  muscle. 

The  remainder  of  the  specialized  conducting  system  of  the 
mammalian  heart  consists  of  the  auriculo-  {atrio-)  ventricular 
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(A-V)  node,  the  auricula-  {atrio-)  ventricular  bundle  and  the 
Purkinje  network. 

The  auriculo-ventricular  node  lies  in  the  lower  part  of  the 
interauricular  system.  It  is  composed  of  tissue  similar  to  that 
of  the  sino-auricular  node.  The  auriculo-ventricular  bundle 
arises  from  the  auriculo-ventricular  node  and,  after  descending 
for  a  short  distance,  divides  into  two  branches  —  one  to  each 
ventricle.  Each  branch  descends  beneath  the  endocardium 
covering  the  interventricular  septum  and,  after  giving  off  twigs 
to  the  papillary  muscles,  breaks  up  into  a  rich  network  of  fine 
filaments  — the  Pur^inje  net wor\  — which,  is  continued  be¬ 
neath  the  endocardium  of  the  ventricular  wall  to  the  base  of 
me  ventricles. 

The  muscle  fibers  composing  the  strands  of  the  Purkinie  net¬ 
work  are  of  essentially  the  same  character  as  those  forming  the 
rest  of  the  junctional  tissues;  like  the  latter  they  contain  a  rela¬ 
tively  large  quantity  of  sarcoplasm  but  few  myofibrils.  They 
^e,  however,  of  much  larger  diameter  than  the  fibers  of  the 
SA  and  A-V  nodes  and  the  A-V  bundle.  They  merge  with 
the  muscle  fibers  forming. the  ventricular  walls  and  through 

thelLlSr  impulse  to  contract  is  carried  to 

The  impulses  are  discharged  rhythmically  from  the  S-A 
n^c,  and  conducted  at  a  uniform  rate  through  the  fibers  of 
Ae^auncular  muscle.  The  impulse  is  then  picked  up  by  the 

bundle°^^’^^^  conducted  to  the  ventricular  muscle  by  the 
bundle  and  its  ramifications.  Each  part  of  the  muscle  of 
the  ventode  is  cxdted  when  *e  impute  arrives  at  the  pit  of 
c  itAtnje  system  immediately  underlying  it.  The  impulse 
normahy,  ,s  not  conducted  from  point  to  polt  in  the  Ttricie 

STmirfl"  Tf «ws  Viaferf  ;x ' 

Eveiy  n^usde  fiber  of  the  ventricle  is  believed  to  receive  a 
mem  of  the  Purkinie  network  TK.  .  receive  a  tila- 
through  ventricular  rn,  i  /  l  -  i  conduction 
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The  junctional  or  nodal  tissues  of  the  heart  may  be  compared 
to  a  radio  system,  the  S-A  node  to  the  broadcasting  station,  and 
the  A-V  node  to  a  receiving  center  which  after  picking  up  the 
message  transmits  it  by  a  telephonic  system.  In  the  heart,  the 
bundle  and  its  branches  and  the  terminal  network  of  Purkirije 
correspond  to  the  telephone  wires. 

It  should  be  noted  that  the  S-A  and  A-V  nodes  are  not  con¬ 
nected  by  a  tract  of  specialized  tissue;  the  impulse  in  this  part 
of  its  course  is  conducted  solely  through  the  muscular  tissue. 
Also,  the  A-V  bundle  is  the  only  pathway  along  which  the  im¬ 
pulse  can  reach  the  ventricles ,  for  all  other  tissue  in  the  mam¬ 
malian  heart  joining  the  auricles  and  ventricles  is  of  a  fibrous 
nature  and  incapable  of  conducting  an  impulse.  This  slender 
strand  of  tissue  is  therefore  a  very  important  and  vulnerable 
point  in  the  conducting  system  of  the  heart.  It  is  a  “  bottle¬ 
neck  ”  which  the  impulses  must  traverse.  If  interrupted,  either 
experimentally  in  animals,  or  by  disease  in  man,  the  path  of 
the  impulse  from  auricle  to  ventricle  is  completely  and  perma¬ 
nently  blocked.®  The  ventricle  does  not,  however,  cease  to 
beat;  for  the  specialized  tissue  below  the  block  also  possesses, 
though  to  a  less  degree  than  does  the  S-A  node  or  the  A-V 
node,  the  power  of  generating  rhythmical  impulses.  The 
ventricular  muscle  excited  by  impulses  arising  below  the  block 
then  beats  at  the  relatively  slow  rate  of  about  35  per  minute. 
The  auricle  being  still  under  the  control  of  the  S-A  node  beats 
at  the  usual  rate  of  70  per  minute.  This  dissociation  of  the 
rhythms  of  the  auricles  and  ventricles,  which  follows  interrup¬ 
tion  of  the  A-V  bundle  above  its  point  of  division  into  the  two 
main  branches,  is  called  complete  heart  bloc\  or  auriculo- 
ventricular  bloc\  (see  p.  197). 

In  other  instances  one  or  other  branch  of  the  A-V  bundle 
may  be  interrupted  by  disease.  The  defect  in  conduction 
caused  in  this  way  is  called  bundle  branch  bloc\  or  intraven¬ 
tricular  bloc\, 

5  The  most  common  condition  affecting  the  A-V  bundle  is  gradual  hardening  and 
narrowing  of  the  coronary  arteries  which,  by  interfering  with  the  blood  supply  to 
this  vital  tissue,  converts  it  to  a  fibrous  (nonconducting)  structure. 
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The  Action  of  the  Heart,  the  Cardiac  Cycle 


The  action  of  the  heart  consists  of  a  succession  of  events  which 
follow  one  another  with  great  rapidity.  It  is  therefore  impos¬ 
sible,  except  by  the  use  of  special  apparatus  and  improved 
methods,  to  analyze  the  beat  into  its  different  components. 
Starting  with  any  given  event  in  cardiac  action  (e.g.,  contrac¬ 
tion  of  the  auricle  or  of  the  ventricle),  the  succession  of  changes 
which  takes  place  in  the  heart  until  the  first-noted  event  is  re¬ 
peated,  is  called  a  cardiac  cycle.  The  cardiac  cycle  in  the  hu¬ 
man  subject,  when  the  heart  is  beating  at  the  usual  rate  of 
about  70  per  minute,  is  f  (0.85)  second.  It  is  shorter  than  this, 
of  course,  when  the  heart  rate  is  more  rapid.  Contraction  of 
the  auricular  or  of  the  ventricular  muscle  is  called  systole;  so 
we  speak  of  auricular  systole  or  ventricular  systole,  respectively. 
Auricular  diastole  and  ventricular  diastole  are  corresponding 
terms  which  refer  to  the  relaxation  phase  of  the  respective 
chambers.  When  the  word  systole  or  diastole  is  used  alone,  it 
is  the  systole  or  diastole  of  the  ventricle  that  is  meant. 

The  phases  of  the  cardiac  cycle  are  shown  diagrammatically 
m  Figures  4-37,  4-38  and  4-39.  In  animals  the  cardiac  cycle 
is  most  readily  analyzed  into  its  several  phases  by  means  of  rec¬ 
ords,  taken  simultaneously,  of  the  pressure  changes  occurring 
respectively  in  an  auricle,  a  ventricle,  and  the  aorta.  Instru¬ 
ments  specially  designed  to  record  rapid  variations  in  pressure 
are  placed  in  these  situations.  The  records  are  taken  simul¬ 
taneously  so  that  synchronous  events  in  the  curves  can  be  com¬ 
pared. 


We  shall  now  describe  in  their  proper  sequence  the  several 
events  in  the  cardiac  cycle.  The  part  of  the  cycle  at  which  the 
dc^ription  starts  does  not  matter.  The  period  immediately 
followmg  the  contraction  (systole)  of  the  ventricle  will  be 
chosen.  (See  Fig.  4-37.)  At  this  time  the  ventricles  are  closed 
cavities.  The  valves  guarding  the  orifices  of  the  aorta  and  the 
pulmonary  artery  are  closed,  as  are  also  those  guarding  the 
amculo-ventricular  orifices.  The  ventricular  muscle  is  now 
relaxmg  but,  since  no  blood  can  enter  the  ventricles  from  the 


THE  ACTION  OF  THE  HEART  183 


0.08  SEC.  0.09  SEC. 


0.19  SEC. 


A  auricles  filling,  valves  between  auricles  and  ventricles  closed,  ven- 

oXd  and  bln?7  have 

opened,  and  blj^d  is  pouring  into  the  ventricles  which  are  still  relaxed 

Lc?  “  T  ttiovement  of  the  blood  (penW  of  diastasis).  D,  the 
auricles  contact  (auricular  systole)  and  empty  into  the  ventricles 

venticur  ^  T  consequent  further  stretching  of  the 

entricular  muscle  fibers;  E,  the  ventricles  immediately  ^contract 
{ported  of  tsornemc  contraction)  and  close  the  openings  into  the 
vXesT  “tifices  guarded  by  the  corresponding 

V  7““'^  “  “  *e  ventricles,  and  when 

sufficiently  high  to  overcome  the  pressure  in  the  pulmonary  arterv 

In°th  “  r7  ’  'he  orifice  of  the  artefy  ope/ 

In  th  s  sketch  the  valves  are  still  closed;  the  ventricle  is,  therefore  a 

andt  b/  7^  “''"7  7  have  been  forced  open, 

and  the  blood  is  now  being  driven  into  the  pulmonary  system  7r 

ffil  h  Y'^on).  The  left  side  of  L  heart  is  drawn  as 

ffiough  empty  in  order  to  show  more  clearly  the  positions  of  the  valves 
nf  fK  7*  remembered  that  whatever  is  occurring  on  the  right  side  ' 
of  the  heart  is  occurring  at  the  same  instant  on  the  left  sidf  The 


SYSTOLE 


DIASTOLE 


. . .  M - - - . .i - . . 

4-3S  lotraventricukr,  intra-aortic  and  intra-auricular  pressure 
curves  from  heart  of  dog  together  with  an  electrocardiogram.  The 
vertical  lines  pass  through  synchronous  points  in'  the  four  curves. 
Between  the  commencement  of  the  intraventricular  curve  and  the 
opening  of  the  aortic  valves  is  the  isometric  period  of  contraction. 
From  the  opening  of  the  A-V  valves  to  the  closure  of'  the  -  aortic  valves 
is  the  perit^  of  ejection,  and  from  the  latter  event  to,  the  opening  of 
the  A-¥  valves  is  the  period  of  isometric  relaxation.  The  divisions  in 
the  line  at  the  bottom  of  the  diagram  indicate  ^  second. 

auricles  to  stretch  the  muscle  fibers,  these  are  of  the  same  length 
as  during  the  preceding  systole.  This  phase  of  the  cardiac 
cycle  at  the  commencement  of  ventricular  diastole  is,  therefore, 
called  the  period  of  isometric  (Gk.  isos,  same;  metron,  meas¬ 
ure)  relaxation  (Figs.  4-38  and  4-39) ;  it  has  a  duration  (at  a 
heart  rate  of  70  per  minute)  of  .06  to  .08  second.  At  its  termi¬ 
nation,  the  auriculo-ventricular  valves  open  and  the  blood  flows 
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Fig-  4-39  Diagram  of  cardiac  cycle.  Division  marks  indicate 

second. 


rapidly  into  the  ventricles  from  the  auricles.  This  phase,  which 
lasts  for  about  o.i  second,  is  called  the  period  of  rafid  filling  of 
the  ventricles. 

As  the  ventricles  fill,  the  flow  of  venous  blood  becomes  slower 
and  then  almost  ceases.  This  interval  following  the  period  of 
rapid  filling  is  termed  the  period  of  diastasis.  It  varies  con¬ 
siderably  in  length,  being  longer  when  the  heart  is  beating 
slowly.  During  rapid  action  of  the  heart  it  may  disappear  en¬ 
tirely.  Auricular  systole  —  that  is,  auricular  contraction  — 
follows  the  period  of  diastasis,  the  upper  chambers  discharging 
their  contents  into  the  ventricles.  Auricular  systole  has  a  dura¬ 
tion  of  about  o.i  second;  at  its  termination  the  ventricles  con¬ 
tract. 


7 
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It  should  be  emphasized  that  throughout  all  the  phases  of 
the  cardiac  cycle  just  described,  viz.,  isometric  relaxation,  rapid 
filling,  diastasis,  and  auricular  systole,  the  ventricles  are  relax¬ 
ing  or  are  completely  relaxed  —  that  is,  these  events  occur 
during  the  resting  phase  or  diastole  of  the  ventricle.  ~~ 

V  entricular  systole  which,  as  just  mentioned,  follow^^WKu-*^ 
lar  systole  is  divided  into  two  phases:  the  period  of  isometric 
contraction  and  the  period  of  ejection.  The  rise  in  pressure 
within  the  ventricles  when  they  contract  firmly  closes  the 
auriculo-ventricular  valves.  The  aortic  and  pulmonary  valves, 
which  were  brought  into  apposition  at  the  end  of  the  preced¬ 
ing  systole,  have  not  yet  opened;  they  are  held  closed  by  the 
higher  pressure  of  blood  in  the  aorta  and  pulmonary  arteries. 

^  he  venmicle  bemg  thus  again  a  closed  cavity  but  filled  with 
blood  which  of  course  is  incompressible,  the  muscle  fibers  ob¬ 
viously  cannot  shorten  during  this  phase  of  systole.  They  con- 
tract  ^metrically  This  phase,  therefore,  is  appropriately 
called  the  penod  of  isometric  contraction.  The  pressure  within 
the  ventricles  contiriues  to  rise  rapidly,  however,  during  this 
time,  ^hen  it  reaches  a  height  sufficient  to  overcome  the  di- 
astohc  pressure  in  the  aorta  (about  8o  mm.  Hg)  and  pulmonary 
^tenes  (about  15  mm.  Hg),  the  valves  guarding  these  vessel! 

own  wide  open,  and  the  ventricular  contents  ejected 
T^ccaon  penod  hsn  for  about  0.3  second  (with  heal,  “e 
of  ,0).  It  termmatts  with  relaxation  of  the  ventricular  muscle 
The  prewure  wrthm  the  ventricles  now  falls  below  that  in  ihe 

S'reTnDr  T*'  T  «goin 

f  ^  phase  of  the  heart’s  action  is  the  period 

i”r?hel‘ d  “.'h'  •’'’r  ^ 

stamd.  The  cardiac  cycle  has  been  completed  ^ 

c  t  tmd TheZT, 

auricul.ve„ll'^,,™t',:  X^ic f 

"  “  ^  -rtoular  systole.  Whl'E” 
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ejected  by  the  ventricle,  the  volume  of  the  ventricle  is  of  course 
reduced;  the  ventricular  fibers  shorten,  and  in  doing  so  they 
draw  upon  and  depress  the  floor  of  the  auricle.  This  causes  a 
negative  fluctuation  in  auricular  pressure.  Furthermore,  the 
ejection  of  blood  from  the  thorax  —  a  closed  cavity  —  causes  a 
temporary  fall  in  intrathoracic  pressure  which  is  transmitted 
through  the  thin  wall  of  the  auricle.  There  are,  then,  two  fac¬ 
tors  —  both  dependent  upon  ventricular  systole  —  concerned  in 
the  production  of  the  depression  Xi. 

The  next  wave,  v,  is  ailed  a  stasis  wave.  Since  the  A-V  valves 
are  closed  at  this  time,  the  blood  cannot  enter  the  ventricle  but, 
accumulating  in  the  auricle,  causes  a  gradual  rise  in  pressure. 
The  depression  y  is  due  to  the  sudden  opening  of  the  valves  and 
the  consequent  fall  in  auricular  pressure  as  the  blood  flows 
rapidly  into  the  ventricle  (i.e.,  during  the  period  of  rapid  fill¬ 
ing)- 

The  volume  of  the  ventricles  may  be  recorded  by  means  of 
an  instrument  known  as  a  cardiometer.  This  consists  of  a  her¬ 
metically  sealed  chamber  which  is  fitted  to  enclose  the  ventri¬ 
cles.  It  communicates  by  means  of  rubber  tubing,  through 
which  changes  in  ventricular  volume  during  the  cardiac  cycle 
are  transmitted,  with  a  recording  apparatus.  A  marked  reduc¬ 
tion  in  volume  occurs  during  the  ejection  period  of  systole  but 
not  during  the  period  of  isomettic  contraction.  No  increase  in 
volume  occurs  during  the  period  of  isometric  relaxation,  but  a 
marked  increase  occurs  during  the  period  of  rapid  filling  when 
the  ventricles  are  filling  with  blood. 


The  Opening  and  Closing  of  the  Heart  Valves 

The  heart  is  a  pump,  and  its  valves  give  direction  to  the  move¬ 
ment  of  the  blood.  Those  guarding  the  auriculo- ventricular 
orifices  open  toward  the  ventricles,  thus  allowing  blood  to  pass 
from  auricles  to  ventricles  ^  (see  Fig.  4-3,  p.  125).  They  close 
at  the  commencement  of  the  ventricular  systole  and  remain 

6  This  arrangement  of  the  valves  of  the  heart  was  emphasized  by  William 
Harvey  as  important  evidence  for  his  thesis  that  the  blood  circulates. 


i88 


THE  CIRCULATION  OF  THE  BLOOD 


closed  until  tlie  end  of  the  period  of  isometric  relaxation ;  their 
closure  during  systole  prevents  the  blood  from  being  driven 
backward  into  the  auricle  when  the  intraventricular  pressure 
rises.  At  the  commencement  of  the  ejection  period  the  valves 
surrounding  the  orifices  of  the  aorta  and  pulmonary  artery 
open  outward  —  that  is,  toward  the  arterial  lumen  —  but  are 
closed  during  diastole.  They  thus  prevent  the  leakage  of  blood 
into  the  ventricles  when  the  intraventricular  pressure  falls  be¬ 
low  the  arterial  pressure. 

The  valves  are  composed  of  delicate  membranes  formed  of  a 
double  layer  of  endothelium  continuous  with  that  lining  the 
chambers  of  the  heart.  They  form  two  or  three  somewhat  tri¬ 
angular  leaves  or  cusps  which  are  attached  by  their  bases  to  the 
fibrous  rings  surrounding  the  auriculo-ventricular  and  arterial 
orifices.  Near  the  bases  of  the  valves  the  two  layers  of  endothe¬ 
lium  are  separated  by  a  small  amount  of  connective  tissue  and 
smooth  muscle.  The  auriculo-ventricular  valve  of  the  right  side 
(also  known  as  the  tricuspid  valve)  has  three  cusps  which  fit 
neatly  together  by  their  free  margins  when  the  valve  closes 
The  corresponding  valve  of  the  left  side  (also  known  as  the 
mitral  or  bicuspid  valve)  has  only  two  leaves.  Both  auriculo- 
ventricular  valves  receive  support  from  a  number  of  tendinous 
cords  -  the  chordae  tendtneae  (p.  124)  -  which  pass  from  the 
papillary  muscles  m  be  attached  to  the  ventricular  surfaces  of 
the  cusps  near  their  free  margins.  The  chordae  tendineae  act 
as  guy  ropes  which  prevent  the  valves  from  being  inverted  into 

Th/r'h^  developed  within  the  ventricles 

The  fleshy  columns -the  papillary  muscles  -  contract  at  the 
very  commencement  of  ventricular  systole  and  exert  a  pul 

(also  callcd^tht^’  f  ^ 

(also  called  the  semilunar  valves)  have  each  three  leave,  nr 

cujis.  They  possess  no  chordae  tendineae. 

The  openmg  and  closing  of  the  heart  valves  are  nor  r 
my  aedve  mcemem  of  L  valves  VT  F 

just  mentioned,  the  valves  contain  Though,  as 

muscle  these  a^e  not  ^  strands  of  smooth 

scie,  these  are  not  responsible  for  their  movements.  The 
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blood  current  and  the  difference  between  the  pressures  on  their 
two  surfaces  are  the  only  operating  factors.  During  auricular 
systole  the  A-V  valves,  and  during  the  ventricular  systole  the 
pulmonary  and  aortic  valves,  are  held  open  by  the  blood  flow¬ 
ing  through  the  respective  openings.  When  auricular  systole 
comes  to  an  end,  eddy  currents  arising  in  the  ventricle  bring 
the  leaflets  of  the  A-V  valves  gently  into  position.  The  pres¬ 
sure  created  immediately  thereafter  by  ventricular  systole  closes 


Fig.  4-40  Diagram  of  the  left  auriculo-vencricular  (mitral)  and  aortic 
valves  during  the  ejection  period. 

them  firmly.  The  closure  of  the  aortic  and  pulmonary  valves 
is  caused  in  a  similar  manner,  namely,  by  the  higher  pressure 
in  the  arteries  (aorta  and  pulmonary  artery)  than  in  the  ventri¬ 
cle  when  the  ventricular  muscle  commences  to  relax. 

The  heart  sounds.  If  one  places  his  ear,  or  the  receiver  of  an 
instrument  called  a  stethoscope,  upon  a  man’s  chest  a  little  be¬ 
low  the  left  nipple,  the  beat  of  the  heart  can  be  clearly  heard. 
Two  sounds,  separated  by  a  short  silent  interval  and  followed 
by  a  longer  pause,  can  be  distinguished.  They  are  called,  re¬ 
spectively,  the  first  and  second  heart  sounds,  and  have  been 
compared  to  the  syllables  ‘‘lub”  "  dup.”  The  first  sound 
louder,  of  lower  pitch  and  longer  than  the  second 
(  dup  ).  The  first  sound  is  caused  by  two  factors,  (a)  the 
contraction  of  the  ventricular  muscle '  and  (b)  the  vibrations 

.  ^  Any  skeletal  muscle  causes  a  faint  sound  when  it  contracts  as  a  retsult  of  the 
vibration  of  its  fibers.  This  can  be  verified  by  listening  over  the  contracting  biceps  of 
the  arm  with  a  stethoscope.  ^ 
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set  up  by  the  closure  of  the  auriculo-ventricular  (tricuspid  and 
mural)  valves  and  of  the  chordae  tendineae  as  thevL  nut 
ul»n  the  stretch  by  the  rising  pressure  in  the  ventricles  ^ 

puiX"*:."  ^ 

V^vular  disease.  The  function  of  one  or  other  valve  of  the 
heart  may  be  mterfered  with  as  a  result  of  sonre  Inflammatory 
disea^  e-g.,  acute  rheumatic  fever  or  septicemia.  The  a/ 
fected  valve  becomes  deformed  or  partkily  destroyed  so  that 
Its  cusps  not  come  accurately  into  apposition  to  proven 

of  blood  IS  referred  to  as  regurgimion.  For  example,  when  the 

'"'1  of  ventricul“s« 
tole,  blood  flows  from  the  aorta  into  the  left  vintricle  S' 
dtasto  e,  smee  the  pressure  in  the  aorta  is  higher  than  tS 
d^elaxmg  ventricle;  when  the  mitral  valvf  is  incom»LT 
blood  IS  dnven  mto  the  left  auricle  during  ventricular T  ?  ’ 
Now  these  reverse  movement,  of  the  bL  cause  SI"; 
sounds  or  murmurs  to  be  he^jrrl  ir.  .  •  ^Dnormal 

clear  secW  sound  of  the  ntt,  hSrerX”“ 
mur,  and  tks  is  often  continued  througli  a  dL  of^ 
times  throughout,  the  diastolic  period^  thafis  a 
rushing  sound  is  heard  durino-thi^ -I  ’  .  ^  blowing  or 

follows  4e  second  ^  X 

of  the  next  hear,  cycle.  InXu?,  T“ 
abnormal  sound  is  heard  durin?  vent^^^^T^  “competence  the 
or  replaces  Ac  normal  firsi  sound.  ^  systole,  and  alters 
In  oAer  instances  Ac  disea^f^H  uoKr  i 
acter  becoming  stiff  and  its  surkccLghZd' 
not  brushed  aside  by  the  currenc  nf  ki  ^  j  ”  cusps  are 

Ae  stream,  offer  an  impediment  The^n  f,  “to  ; 

rowed.  This  valvular  J  ,  "ar- 

cordmg  to  which  valve  is  affected 
/ncuspj^  sie^iosis  is  spoken  of  oL  ’ P»^^onary  ox 

orifice  Ae  blood 

and  iiregular  cusps  cauL  a  trlT'^X  : 

murmur.  When  an  auriculo- 
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ventricular  valve  is  aifected,  the  murmur  is  heard  during  those 
times  when  the  blood  normally  enters  the  ventricle  at  highest 
velocity^  namely,  during  the  period  of  rapid  filling,  i.e.,  early  in 
diastole,  or  during  auricular  systole  —  that  is,  just  before  ventric¬ 
ular  systole  (presystolic  murmur).  In  aortic  stenosis  the  mur¬ 
mur  is  heard  during  the  ejection  of  blood  from  the  ventricle. 


A  diseased  valve  increases  the  work  of  the  heart.  The  heart 
IS  at  a  mechanical  disadvantage.  Moreover,  the  disease  which 
attacked  the  valve  may  have  also  injured  the  heart  muscle.  In  or¬ 
der  to  carry  on  its  work  efficiently,  the  cardiac  muscle  fibers  must 
become  larger  -  longer  and  thicker  -  the  chambers  of  the  heart 
thus  become  enlarged  and  the  ventricular  walls  much  thicker. 

nation  of  the  heart  and  increased  bulk  of  the  heart  muscle 
(hypertrophy)  is  therefore  a  consequence  of  valvular  disease, 
buch  adjustnaents,  or  compensation,  as  they  are  called,  may  en- 
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rows  the  shadow,  ST.SH,  of  the  string  ST.  to  a  thin  vertical  line  and 
focuses  it  upon  the  sensitive  paper.  By  means  of  ruled  etchings  upon 
the  lens,  horizontal  lines  i  .and  mm.  apart  are  thrown  upon  the 
record;  the  heights  of  the  waves  in  the  electrocardiogram  can  thus  be 
measured  and  the  electromotive  force  in  each  wave  calculated.  T  is 
a  rotating  toothed  disc  which  breaks  the  light  beam. at  regular  intervals 
of  ^  or  ^  seconds  and  by  throwing  vertical  shadow  lines  upon  the 
record  serves  as  a  time  marker.  O  and  C  indicate  the  positions  of  the 
,  lenses  in  the  projecdon  system;  S  and  N  are  the  poles  of  the  electro¬ 
magnet;  L  is  the  source  of  light  The  current  from  the  subject  passes 
;  through  the  control  box  below.  Switches  on  the  dial  enable  a  record 
from  any  lead  to  be  taken,  RH,  LH  and  LL  represent  the  three  stand¬ 
ard  leads,  right  hand,  left  hand  and  left  leg.  (Kindness  of  Dr  L  N 
Katz.) 

able  a  person  with  valvular  disease  of  the  heart  to  enjoy  good 
health  for  years  and  suffer  little  inconvenience  from  the  me¬ 
chanical  defect. 

Elcctncal  changes  in  the  heart.  Contracting  muscle  is  rela¬ 
tively  ne^tive  (electrically)  to  resting  muscle.  The  electrical 
ch^ges  in  skeletal  muscle  are  described  on  page  543.  The  kme 
principles  apply,  in  general,  to  heart  muscle.  When  the  excita¬ 
tion  wave  spreads  through  the  heart,  changes  in  electrical  po¬ 
tential  arc  created  which  may  be  recorded  in  animals  by  placing 
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electrodes  directly  on  the  surface  of  the  heart  and  connecting 
them  through  wires  to  a  galvanometer.  It  is,  of  course,  impos¬ 
sible  to  take  records  {electrograms,  as  they  are  called)  in  this 
way  of  the  changes  in 
electrical  potential  occur¬ 
ring  in  the  human  heart. 

Nevertheless,  the  blood 
and  tissues  of  the  body 
have  a  relatively  high 
electrical  conductivity 
.  4-41);  the  beating 
heart  may,  therefore,  be 
looked  upon  as  an  electri¬ 
cal  generator  immersed 
in  a  conducting  medium, 
and  the  electric  currents 
(action  currents)  pro¬ 
duced  during  the  cardiac 
cycle  may  be  “  tapped,” 
as  it  were,  by  connecting 
two  parts  of  the  body 
with  a  sensitive  galva¬ 
nometer.  Einthoven,  a 
Dutch  physiologist,  was 
the  first  to  devise  a  gal¬ 
vanometer  for  this  pur¬ 
pose.  The  moving  part 
or  indicator  of  the  galvanometer  consists  of  a  very  fine  fiber 
of  quartz  glass  through  which  the  cardiac  action  currents 
are  transmitted.  In  order  to  render  it  conductive  the  fiber  is 
coated  with  a  silver  deposit  (as  in  the  backing  of  a  mirror), 
and  suspended  between  the  poles  of  an  electromagnet.  The 
fiber  moves  outward  (away  from  the  arch  of  the  magnet) 
or  inward  according  to  whether  the  cardiac  current  at  the  mo¬ 
ment  is  being  transmitted  in  an  upward  or  a  downward  direc¬ 
tion.  By  means  of  a  projection  system  and  a  camera  of  special 
design,  the  movements  are  photographed.  The  record  thus  ob- 


Fig.  4-43  Showing  the  three  stand¬ 
ard  electrocardiographic  leads  and 
the  method  of  taking  an  electro¬ 
cardiogram. 
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tained  is  called  an  electrocardiogram  (abbreviated:  E.  C.  G.), 
and  the  recording  instrument  —  that  is,  the  galvanometer  to¬ 
gether  with  the  projecting  and  photographing  apparatus  —  is 
known  as  the  electrocardiograph  (see  Fig.  4-42).  The  parts  of 
the  body  most  usually  connected  to  the  instrument  are  two 
hands  (or  arms),  or  the  right  hand  (or  arm)  and  left  foot  (or 
leg).  In  order  to  obtain  a  record  of  the  electrical  changes  oc¬ 
curring  in  the  heart,  these  members  are  joined  through  the  in- 
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Fig.  4-44  Normal  electrocardiogram  taken  in  lead  I.  (Courtesy  of 

Dr.  John  Hepburn.) 

strument  in  any  one  of  the  following  combinations  (see  Figs. 
4-41  and  4-43).  Each  combination  is  referred  to  as  a  lead. 
Thus, 


right  hand  (or  arm)  and  left  hand  (or  arm)  Is  called  lead  I; 
right  hand  (or  arm)  and  left  foot  (or  leg)  is  called  lead  II,  and 
left  hand  (or  arm)  and  left  foot  (or  leg)  is  called  lead  III. 

A  switch  on  the  instrument  board  enables  records  to  be  taken 
in  succession  from  each  of  the  three  leads. 


A  fourth  lead  (lead  IV  or  chest  lead),  in  which  one  electrode 
IS  placed  on  the  chest  over  the  heart  and  the  other  on  the  left 
foot  or  ankle,  has  been  introduced  more  recently,  and  is  usually 
taken  in  series  with  the  other  (so-called  standard)  leads. 

The  normal  electrocardiogram  shows  five  waves  or  deflec¬ 
tions,  known  simply  by  the  letters  P,  Q,  R,  S,  and  T  (Figs.  4-44 
md  4-45)  The  P,  R,  and  T  waves  are  positive  —  that  is,  above 
the  ba^  line  of  the  record;  the  Q  and  S  waves  are  negative, 
r  and  T  are  blimt  waves  of  relatively  low  amplitude.  The  R 
wave  IS  a  tall  spike;  it  is  the  most  conspicuous  wave  in  the  trac- 
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ing  and  represents  the  highest  voltage  developed  by  the  con¬ 
tracting  ventricular  muscle.  The  P  wave  is  caused  by  the 
spread  of  the  excitation  wave  over  the  auricle  —  that  is,  it 
precedes  auricular  systole  by  a  fraction  of  a  second.  The  Q,  R, 
and  S  deflections  are  produced  during  the  transmission  of  the 
excitation  wave  or  impulse  through  the  junctional  tissues 


Fig.  4-45  The  waves  o£  the  electrocardiogram  enlarged  and  repre¬ 
sented  diagrammatically. 


auriculo-ventricular  bundle  and  its  branches,  and  the  Purkinje 

network.  The  actual  contraction  of  the  ventricular  muscle 
commences  a  fraction  of  a  second  after  the  beginning  of  the  R 
wave.  The  T  wave  is  recorded  while  the  ventricle  is  relaxing 
(see  also  Fig.  4-38,  p.  184). 

The  electrocardiograph  is  one  of  the  most  valuable  instru¬ 
ments  which  we  possess  for  the  investigation  of  the  various  ab¬ 
normal  heart  conditions.  It  is  now  possible  with  its  help  to 
study  diseases  of  the  heart  with  a  precision  which  hitherto  was 
impossible.  An  electrocardiogram  is  now  taken  as  a  matter  of 
routine,  being  almost  as  commonplace  a  procedure  as  the  de¬ 
termination  of  the  blood  pressure.  Important  information  is 
given  by  the  electrocardiogram  of  the  state  of  the  conducting 
tissue  of  the  heart.  Since  the  P  wave  is  caused  by  the  excitation 
wave  passing  over  the  auricle  and  the  R  wave  by  the  excitation 
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of  the  ventricle,  the  time  interval  between  the  commencement 
of  P  and  the  commencement  of  R  (P-R  interval)  gives  the  con¬ 
duction  time  from  auricle  to  ventricle,  i.e.,  over  the  A-V  bun¬ 
dle.  The  normal  time  does  not  exceed  1/5  (0.2)  second.  It 
is  usually  around  0.12  second.  Lengthening  of  the  interval 
indicates  depression  of  conductivity  through  the  auriculo- 
ventricular  connections,  i.e.,  incipient  or  partial  heart  block. 
Disease  of  one  or  other  branch  of  the  bundle  {intraventricular 
block)  is  also  readily  detected  by  means  of  the  electrocardio¬ 
graph.  Marked  distortion  of  the  record  occurs  in  this  condition. 

The  venous  pulse.  The  arterial  pulse  is  not  transmitted 
through  the  capillaries  to  the  venous  system  (p.  157).  The  pe¬ 
ripheral  veins,  therefore,  do  not  pulsate,  but  the  jugular  vein 
is  in  direct  communication  wdth  the  right  auricle,  and  any 
change  in  intra-auricular  pressure  causes  a  reflux  of  blood  and 
volume  changes  in  the  blood  within  this  vein  which  can  be  re¬ 
corded  clinically  by  means  of  suitable  apparatus.  The  jugular 
tracing  shows  a  series  of  waves  resembling,  and  having  the  same 
significance  as,  those  already  described  for  the  intra-auricular 
pressure  curve  (p.  186).  Since  the  a  wave  is  due  to  auricular  sys¬ 
tole  and  the  r  wave  to  the  commencement  of  ventricular  systole 
(which  causes  the  bulging  into  the  auricle  of  the  closed  auric- 
ulo- ventricular  valve),  the  length  of  the  a-c  interval  gives  the 
time  of  conduction  of  the  impulse  from  apricle  to  ventricle. 
This  interval,  therefore,  corresponds  to  the  P-R  interval  of  the 
electrocardiogram  (p.  196)  and,  like  the  latter,  does  not  nor¬ 
mally  exceed  15  (0.2)  second. 

The  waves  of  the  jugular  record  are  not  always  easy  to  iden¬ 
tify  unless  an  arterial  tracing  (carotid  or  radial)  is  taken  simul¬ 
taneously  with  it.  The  instrument  employed  for  taking 
synchronous  records  of  jugular  and  arterial  pulses  is  called  a  poly- 
graph.  The  upstroke  of  the  carotid  tracing  occurs  simultane- 
ously  with  the  ju^lar  c  wave,  which  can  thus  readily  be  iden¬ 
tified.  The  positive  wave  immediately  preceding  the  c  wave 

^elt^olf^  positive  wave  immedi¬ 

ately  follownng  c  is  the  r.  or  stasis  wave  caused  by  the  filling  of 

the  aunde  see  p.  187  and  Fig.  4-46)  ^  niiing  ot 
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The  apex  beat.  The  contraction  of  the  heart  causes  a  slight 
impact  upon  the  chest  wall  which  can  be  felt  by  placing  the 
fingers  on  the  skin  between  the  fifth  and  sixth  ribs,  and  in  a 
line  with  the  center  of  the  left  collar  bone  that  is,  about  an 
inch  below  the  left  nipple  (in  the  male).  This  impact  is  called 
the  apex  beat.  The  slight  outward  movement  of  this  area  of 
the  chest  wall  can  also  be  seen  if  the  bare  chest  is  looked  at  from 
one  side,  in  a  good  light.  The  movement  is  caused  by  the  pres¬ 
sure  exerted  by  the  left  ventricle  during  its  contraction.  All 


Fig.  4-46  A  normal  venous  pulse  and  a  radial  pulse  tracing.  The 
dotted  lines  join  synchronous  points  in  the  two  tracings.  (After  Lewis.) 


dimensions  of  the  ventricles  are  reduced  when  they  contract, 
but  no  change  in  the  level  of  the  apex  of  the  heart  occurs.  The 
base  of  the  heart,  therefore,  must  move  toward  the  apex.  The 
auricles  and  great  vessels  are  thus  elongated;  they  cannot  move 
downward  as  a  whole,  for  they  are  fixed  above.  At  the  same 
time  the  heart  rotates  to  the  right,  bringing  the  wall  of  the  left 
ventricle  and  particularly  that  part  forming  the  apex,  against 
the  chest  wall.  During  ventricular  diastole  the  base  of  the 
heart  moves  upward  again.  The  up  and  down  movement  of 
the  auriculo-ventricular  groove  (the  junction  between  the  auri¬ 
cles  and  ventricles)  during  the  cardiac  cycle  can  be  seen  quite 
plainly  in  the  exposed  heart  of  an  animal. 

Disorders  of  the  heart  beat.  Certain  abnormalities  of  cardiac 
rhythm  in  the  human  subject,  e.g.,  heart  block  and  extrasys¬ 
toles,  have  already  been  mentioned.  These,  and  some  of  the 
other  cardiac  irregularities,  will  now  be  briefly  described. 

Heart  block,  or  auriculo-ventricular  block,  results  from  dis¬ 
ease,  usually  of  a  degenerative  nature,  affecting  the  auriculo- 
ventricular  bundle.  Interference  with  the  blood  supply  to  the 
heart,  including  the  specialized  tissue,  as  a  result  of  “  harden- 
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ing  ”  (sclerosis)  with  narrowing  of  the  coronary  vessels  is  a 
common  cause  of  defective  conduction  through  the  bundle. 
The  disease  may  completely  interrupt  the  passage  of  impulses 
from  auricles  to  ventricles;  the  auricles  and  ventricles  then  beat 
quite  independently.  In  such  an  event  the  radial  pulse  is 


4-47  I.  hrart  block.  Note  absence  of  the  normal  relationship  be¬ 
tween  the  auricular  (P)  and  the  ventricular  waves  (Q,  R,  and  S). 
2,  a  ventricular  extrasystole.  Note  the  long  pause  following  it.  3,  ven¬ 
tricular  paroxysmal  tachycardia,  actually  a  series  of  extrasystoles.  4 
auricular  fibrillation.  Waves  marked  /  replace  the  normal  P  waves’ 
(I,  2,  and  3  by  the  courtesy  of  Dr.  John  Hepburn,  4  from  Lewis.) 


around  35  per  minute  while  the  a  waves  (due  to  auricular  con¬ 
tractions)  in  the  venous  pulse  occur  at  the  rate  of  70  per  min¬ 
ute.  In  less  severe  grades  of  the  disease  the  conduction  time  is 
lengthened,  but  no  actual  block  exists.  The  P-R  intervals  of 
^e  electrocardiogram  and  the  tz-c  intervals  of  the  jugular  trac- 

SLr  TK block  occurs  intermit- 

JduL  ^  4  auricular  beats  the 

impulse  fads  to  get  through  to  the  ventricle  which,  in  conse¬ 
quence,  misses  a  beat.  Three  stages  in  disease  of  theTv 
bundle  are  therefore  recognized,  namely,  (a)  delayed  conduc- 
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tion,  (b)  missed  beats  or  incomplete  heart  block  and  (c)  com¬ 
plete  heart  block  (Fig.  4-47,  i). 

Extrasystoles  or  premature  beats  (see  also  p.  172).  The  ab¬ 
normal  impulse  which  excites  the  heart  may  arise  in  the  auri¬ 
cle,  the  A-V  node,  or  in  the  special  conducting  tissue  of  the  ven¬ 
tricle.  Thus,  three  types  of  extrasystole  occur,  auricular,  nodal, 
‘and  ventricular.  In  the  auricular  type,  the  impulses  arise  in 
some  part  of  the  auricle  other  than  the  S-A  node ;  each  of  these 
impulses  spreads  to  the  ventricle,  excites  it  in  the  usual  way  and 
causes  a  premature  beat  of  the  the  whole  heart.  There  is,  as  a 
rule,  no  compensatory  pause  (p.  172).  In  the  nodal  type,  the 
impulse  arising  in  the  A-V  node  passes  upward  through  the 
auricular  muscle  and  downward  to  the  ventricle.  Both  cham¬ 
bers,  therefore,  beat  almost  or  quite  simultaneously.  In  the 
ventricular  type,  which  has  already  been  described  on  page  172, 
the  premature  beat  is  followed  by  a  compensatory  pause.  In 
this  variety,  the  abnormal  impulse,  since  it  excites  one  ventricle 
before  the  other,  disturbs  the'  electrical  balance  of  the  .heart. 
The  Q  R  S  group  of  waves  of  the  electrocardiogram  is  there¬ 
fore  distorted  (Fig.  4-47,  2). 

Paroxysmal  tachycardia.  This  name  is  given  to  a  cardiac 
affection  in  which  the  heart  suddenly  commences  to  beat  at  an 
extraordinarily  rapid  rate  and  continues  to  do  so  for  a  period 
which  varies  in  length  in  different  instances  from  a  few  sec¬ 
onds  to  several  hours  or  even  days.  The  heart  rate  is  from  150 
to  250  per  minute.  The  rapid  beating  is  caused  by  impulses 
arising  in  some  part  of  the  heart  other  than  the  S-A  node. 
They  may  be  generated  in  the  auricle,  the  A-V  node,  or  the 
ventricular  part  of  the  special  conducting  system.  The  condi¬ 
tion  therefore  consists,  actually,  of  a  series  of  rapidly  recurring 
extrasystoles  (Fig.  4-47,  3). 

Auricular  flutter.  In  this  heart  condition  the  auricle  beats 
more  rapidly  than  in  paroxysmal  tachycardia,  namely,  from 
250  to  300  per  minute.  Attacks  of  flutter  are  also  usually  of 
longer  duration  than  those  of  paroxysmal  tachycardia.  Fur¬ 
thermore,  the  A-V  bundle,  even, though  healthy  itself,  is  un¬ 
able  to  transmit  impulses  at  as  high  a  frequency  as  they  are 
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produced  by  the  fluttering  auricle.  Only  a  proportion  of  the 
impulses  gets  through;  the  ventricle,  therefore,  beats  at  a  slower 
rate  than  the  auricle.  In  other  words,  there  is  a  relatipe  or 
functional  heart  block.  The  ratio  of  auricular  to  ventricular 
beats  is  usually  3  ;  i  or  2  :  i. 

Auricular  fibrillation.  The  auricle  in  this  disorder  does  not 
contract  as  a  whole,  or  in  an  effective  manner.  Its  walls  twitch 
rapidly  and  incessantly  at  a  rate  of  from  400  to  600  per  minute. 
The  auricle  is  never  emptied  by  any  effective  contraction  of  its 
walls;  the  blood  flows  into  the  ventricle  unaided  by  auricular 
systole.  The  a  waves  are  therefore  absent  from  the  venous 
pulse,  and  the  P  waves  from  the  electrocardiogram;  they  are 
replaced  in  either  record  by  numerous  small  fluctuations  called 
/  waves  (Fig.  4-47,  4).  The  auriculo-ventricular  connections 
(A-V  bundle)  are  capable  of  transmitting  only  a  fraction  of  the 
impulses  arising  in  the  auricular  muscle.  Those  which  do  reach 
the  ventricle  are  irregular  in  time,  and  induce  contractions  of 
the  ventricle  of  variable  strength.  The  pulse  is,  therefore,  very 
irregular  and  usually  rapid.  Auricular  fibrillation  is  seen  very 
frequendy  when  the  heart,  as  a  result  of  disease  of  the  heart 
muscle,  is  weakening  and  performing  its  work  with  difficulty. 
The  serious  namre  of  the  condition  is  not  due  to  any  direct  ef¬ 
fect  upon  the  dynamics  of  the  circulation  resulting  from  the 
absence  of  auricular  systole,  but  rather  to  the  irregular  and 
rapid  excitation  of  the  ventricular  muscle.  The  drug  most 
commonly  used  in  the  treatment  of  auricular  fiibrillation  is  digi¬ 
talis,  which  acts  chiefly  by  depressing  the  conductivity  of  the 
A-V  bundle.  The  ventricle  is  therefore  shielded  from  many 
of  the  impulses  arising  in  the  fibrillating  auricles;  the  pulse  usu¬ 
ally  becomes  slower  and  more  regular  in  consequence;  the  gen¬ 
eral  circulation  is  greatly  improved. 


The  Regulation  of  the  Heart’s  Action 

The  heart  rate  is  more  rapid  in  small  animals 
than  m  large.  The  heart  of  the  canary,  for  example,  beats  1,000 
times  per  mmute,  whereas  the  average  heart  rate  of  the  ele- 
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phant  is  25  per  miniite.  In  adult  man,  at  rest,  the  usual  rate 
is  about  70  per  minute,  but  a  rate  of  75  minute  is 

not  unusual  in  perfectly  healthy  persons.  Athletes  have,  as  a 
rule,  a  slower  resting  heart  rate  than  have  persons  leading  a 
sedentary  life;  the  pulse  rate  of  some  famous  runners  is  from 
50  to  60  per  minute,  and  it  may  show  little  increase  in  fre¬ 
quency  during  physical  exercise.  The  heart  rate  diminishes 
progressively  from  birth,  when  it  is  around  130  per  minute,  to 
adolescence.  The  heart  is  accelerated  in  muscular  exercise,  by 
emotional  excitement,  at  high  environmental  temperatures  and 
during  digestion.  Among  abnormal  conditions  which  cause  an 
increase  in  cardiac  rate  are,  hemorrhage,  surgical  shoc\,  fever, 
hyperthyroidism  and  ctitzm  cardiac  disorders  (p.  199). 

T achycardia  is  a  general  term  meaning  increased  heart  rate. 
Bradycardia  means  an  unusually  slow  rate  of  the  heart. 

The  cardiac  nerves.  Though  the  heart  will  continue  to  beat 
rhythmically  after  all  nervous  connections  have  been  cut,  under 
the  ordinary  conditions  of  life,  it  is  under  the  constant  influence 
of  nervous  impulses,  discharged  from  centers  in  the  brain. 
These  centers  are  influenced  in  turn  by  impulses  conveyed  to 
them  from  various  parts  of  the  body  along  afferent  nerves 
(p.  503),  as  well  as  by  impulses  received  from  the  higher  cen¬ 
ters  of  the  brain.  It  is  common  knowledge  that  emotional 
disturbances,  anger,  fear,  excitement,  etc.,  exert  a  profound  in¬ 
fluence  upon  the  pulse  rate.  The  efferent  cardiac  nerves,  i.e., 
the  nerves  which  transmit  impulses  from  the  nervous  centers  to 
the  heart,  are  the  vagus  and  the  accelerator  (or  augmentor) 
nerves  (PL  5  A).  Thus,  through  its  nervous  connections,  the 
heart  may  undergo  slowing  or  acceleration  as  a  result  of  the 
stimulation  of  nerve  endings  situated  in  regions  remote  from 
the  heart  itself.  These  reflex  mechanisms  are  dealt  with  in 
greater  detail  on  page  204. 

The  vagus  nerves  arise,  one  on  each  side,  from  the  medulla 
oblongata  (p.  598).  The  great  majority  of  the  fibers  of  which 
they  are  composed  belong  to  the  parasympathetic  division  of 
the  involuntary  or  autonomic  nervous  system.  The  vagus 
branches  are  very  widely  distributed,  passing  to  the  bronchi, 
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IiingSj  Stomach  and  small  intestiiie,  as  well  as  to  the  heart.  The 
fibers  going  to  the  heart  separate  from  the  main  trunk  of  the 
nerve  in  the  upper  and  the  lower  parts  of  the  neck.  They  ter¬ 
minate  around  nerve  cells  (ganglion  cells)  situated  in  the  auric¬ 
ular  muscle.  The  impulses  are  relayed  by  the  axons  of  the 
ganglion  cells  to  the  sino-auricular  and  auriculo-ventricular 
nodes.  The  fibers  in  the  first  link  of  the  nerve  path,  that  is, 
from  the  center  in  the  medulla  (generally  known  as  the  car- 
dio4nkibitory  center)  to  the  ganglion  cells,  are  called  pregan- 


Fig.  4-48  Showing  the 
effect  of  an  electrical 
stimulus  applied  to  the 
right  vagus  nerve.  Heavy 
white  line  indicates  the 
commencement  and  dura¬ 
tion  of  the  stimulus. 
Note  the  escape  of  the 
heart  from  the  vagal  stim¬ 
ulation. 

glionic  fibers.  Tlie  axons  of  the  ganglion  cells,  which  con¬ 
stitute  the  second  link,  are  called  postganglionic  fibers.  The 
right  vagus  is  distributed  to  the  S-A  node;  it  affects  the  rate  of 
the  heart  to  a  somewhat  greater  extent  than  does  the  left  nerve. 
The  left  vagus  is  distributed  chiefly  to  the  A-V  node;  its  effect 
upon  auriculo-ventricular  conduction  is  greater  than  that  ex¬ 
erted  by  the  nerve  of  the  right  side.  (See  below.)  The  distri¬ 
butions  of  the  two  nerves  overlap  to  a  considerable  extent,  how¬ 
ever,  since  both  the  S-A  node  and  the  A-V  node  receive  fibers 
from  both. 

Action  of  the  vagus  nerves.  The  vagus  is  the  inhibitory 
nerve  of  the  heart.  When  it  is  stimulated,  slowing  or  stop¬ 
page  of  the  heart  results.  Diminished  force  of  the  beat  usually 
accompanies  the  reduction  in  rate,  and  the  blood  pressure  falls 
(Fig.  4-48).  The  vagus  exerts  no  direct  effect  upon  the  ventric¬ 
ular  muscle  Its  action  is  upon  the  auricle,  and  the  auriculo- 
ventricular  bundle;  stimulation  of  the  vagus  after  section  of  the 
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A-V  bundle  does  not  affect  the  ventricular  rate.  During  vagal 
stimulation  excitability  of  the  auricular  muscle  is  reduced,  and 
its  refractory  period  shortened;  the  rate  of  conduction  from 
auricle  to  ventricles  —  that  is,  through  the  auriculo-ventricular 
bundle  —  is  depressed.  The  slowing  of  the  heart  following 
vagal  stimulation  is  due  mainly  to  lengthening  of  the  diastolic 
period  and,  when  the  heart  stops,  it  does  so  in  the  diastolic 
phase.  For  this  reason,  the  vagus  is  sometimes  called  the  di¬ 
astolic  nerve  of  the  heart.  The  action  of  the  vagus  upon  the 
heart  resembles  closely  that  caused  by  an  excess  of  potassium 
(p.  176). 

When  the  heart  is  arrested  by  vagal  stimulation,  it  very  often 
commences  to  beat,  though  the  stimulus  is  still  being  applied. 
That  is  to  say,  the  heart  breaks  away  from  the  vagal  restraint. 
This  is  spoken  of  as  the  "  escape  of  the  heart  ”  from  vagal  in¬ 
hibition.  The  first  few  beats  of  the  heart  after  it  has  escaped 
from  vagal  control  are  usually  of  exceptional  force  (Fig.  4-48). 
This  is  due  most  probably  to  the  fact  that  the  muscle  fibers  of 
the  ventricle  which,  since  the  latter  is  fully  distended  by  the 
venous  blood  during  the  period  of  inhibition,  are  very  strongly 
stretched,  and,  therefore,  cause  an  imusually  powerful  con¬ 
traction  (see  Starling’s  law,  p.  209). 

The  tone  of  the  vagus.  When  the  physiologist  says  a  nerve 
or  muscle  possesses  tone  he  means  that  it  exerts  a  continuous  ac¬ 
tion.  In  this  sense  the  cardiac  vagus  (or  rather  its  center  in  the 
medulla)  has  tone;  it  exerts  a  constant  restraint  upon  the  action 
of  the  heart,  sending  a  continuous  stream  of  impulses  along  the 
vagus  nerves  which  holds  the  heart  in  check.  When  this  re¬ 
straint  is  removed,  as  by  cutting  both  vagus  nerves,  the  rate  of 
the  heart  increases  very  greatly.  This  method  of  demonstrating 
vagal  tone  cannot,  of  course,  be  used  in  man.  Atropine,  a  drug 
which  temporarily  paralyzes  the  vagus,  can,  however,  Tie  given 
vyithout  danger.  WhenlTfuir  dose  of  this  drug  is  given,  the 
heart  rate  is  more  than  doubled  (150  to  180  beats  per  minute). 

The  accelerator  or  augmentor  nerves  belong  to  the  sympa¬ 
thetic  division  of  the  involuntary  or  autonomic  nervous  system 
(p.  608).  Like  other  pathways  of  the  involuntary  nervous  sys- 
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tern,  the  pathway  for  the  accelerator  impulses  to  the  heart  con- 
sists  of  preganglionic  and  postganglionic  fibers.  The  pregan¬ 
glionic  fibers  are  the  axons  of  cells  situated  in  the  lateral  horns 
of  spinal  gray  matter  in  the  upper  five  thoracic  segments.  The 
postganglionic  fibers  arise  from  the  stellate  ganglion,  and  the 
inferior,  middle,  and  superior  cervical  ganglia  of  the  sympa¬ 
thetic  cord ;  they  pass  to  the  heart  by  the  inferior,  middle,  and 
superior  cardiac  nerves  (PL  5  A).  Some  fibers  also  pass  to  the 
heart  from  the  first  and  second  thoracic  ganglia. 

Stimulation  of  the  accelerator  nerves  increases  the  rate  of  both 
auricles  and  ventricles  and  increases  the  force  of  their  contrac¬ 
tions.  The  nerves  exert  a  direct  action  upon  the  ventricular 
muscle.  They  also  increase  A-V  conduction.  Like  the  vagus, 
the  accelerators  exert  a  continuous  effect  upon  the  cardiac  rate 
—  that  is,  they  exercise  a  tonic  action.  Consequently,  when 
their  influence  is  removed  by  excision  of  the  sympathetic  gan¬ 
glia  from  which  they  arise,  the  heart  rate  slows. 

Cardiac  reflexes.  The  stimulation  of  almost  any  sensory 
(afferent)  nerve  in  the  body  may  cause  a  change  in  cardiac  rate. 
In  the  frog,  merely  tapping  the  abdomen  results  in  slowing  of 
the  heart,  and  it  has  been  shown  that  in  man,  the  stimulation  of 
abdominal  organs  by  manipulations  during  surgical  operations 
causes  changes  in  the  heart  rate.  Depending  upon  the  nature 
of  the  stimuks,  and  the  nerves  stimulated,  the  heart  may  in¬ 
crease  or  reduce  its  rate  during  an  operation.  Again,  irregulari¬ 
ties  in  the  action  of  the  heart  may  result  due  to  the  production, 
reflexly,  of  cxtrasystoles  (p.  172).  Afferent  impulses  arising  in 
a  diseased  organ  may  also  influence  the  rate  of  the  heart.  Car¬ 
diac  inhibition  may  be  caused  by  stimulation  of  the  endings  of 
the  fifth  nerve  in  the  nose,  as  by  some  pungent  odor  or  of  af¬ 
ferent  fibers  in  the  lungs  by  irritant  vapors.  A  similar  effect 
may  ^  follow  pressure  upon  the  outer  angle  of  the  eye  {oculo-^ 
cardiac  reflex).  In  animals  stimulation  of,  a  spinal  sensory 
nerve,  such  as  the  sciatic,  is  not  infrequently  followed  by  cardiac 
acceleration. 

Among  the  afferent  fibers  which  are  most  effective  in  bring¬ 
ing  about  reflex  changes  in  heart  rate  are  those  contained  within 
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the  vagus  nerves  themselves,  for  these  nerves  are  made  up  of 
fibers  which  convey  impulses  to  as  vvell  as  away  from  the  car- 
dio-inhibitory  center.  The  afferent  vagal  fibers  end  in  the  heart 
and  in  the  arch  of  the  aorta  (see  p.  216).  The  endings  in  the 
aortic  arch,  and  in  the  left  side  of  the  heart  are  stimulated  by  a 
rise  in  arterial  blood  pressure;  cardiac  slowing  results.  Those 
on  the  right  side  of  the  heart  are  stimulated  by  a  rise  in  the 
pressure  of  venous  blood  in  the  great  veins  and  auricle;  they 
cause  acceleration  of  the  heart  by  depressing  the  tone  of  the 
cardio-inhibitory  center. 

The  sinus  nerve.  Another  afferent  nerve  which,  when  stim¬ 
ulated,  causes  reflex  slowing  of  the  heart  is  the  sinus  nerve.  Its 
endings  are  situated  in  the  walls  of  the  carotid  sinus  (p.  217). 
The  normal  stimulus  to  these  nerve  endings  is  a  rise  in  arterial 
blood  pressure. 

Two  well-known  circulatory  phenomena  will  now  be  de¬ 
scribed.  The  first  is  known  as  Mareys  law,  after  a  French 
physiologist;  the  other  is  called  Bainbridge's  reflex,  after  an 
English  physiologist. 

Marey’s  law.  Marey’s  law  states  that  the  heart  rate  is  in¬ 
versely  related  to  the  arterial  blood  pressure  —  that  is,  a  rise  or 
a  fall  in  the  arterial  blood  pressure  causes,  respectively,  slowing 
or  acceleration  of  the  heart.  These  effects  are  brought  about 
through  (i)  the  afferent  fibers  of  the  vagus  ending  in  the  aorta 
and  the  left  side  of  the  heart,  and  (2)  the  sinus  nerves.  Since 
reflex  changes  in  the  caliber  of  the  peripheral  vessels  are  also 
brought  about  through  these  nerves,  any  further  description  of 
their  effects  will  be  postponed  until  we  come  to  deal  with  the 
control  of  the  blood  vessels  (p.  21 1). 

Bainbridge’s  reflex.  This  is  the  name  given  to  the  increase 
in  heart  rate  which,  as  stated  above,  results  from  a  rise  in  venous 
pressure.  The  rise  in  venous  pressure  which  occurs  when  the 
heart  becomes  filled^stimulates  the  afferent  vagal  endings  in  the 
right  auricle.  The  heart  rate  is,  in  this  way,  automatically  ad¬ 
justed  to  the  quantity  of  venous  blood  flowing  into  its  cham¬ 
bers.  This  reflex  comes  into  effect  to  produce  increased  heart 
rate  during  muscular  exercise,  cardiac  action  being  thus  ad- 
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justed  to  pump  the  increased  quantity  of  blood  brought  to  it 
from  the  contracting  muscles. 

The  sensory  pathways  from  the  heart  The  heart,  like  other 
internal  organs,  is  insensitive  to  the  ordinary  types  of  stimulus. 
Those  stimuli,  for  example,  which  arouse  the  sensation  of  touch, 
heat,  cold  or  pain,  when  applied  to  the  skin,  cause  no  sensation 
w^hen  applied  to  the  heart.  The  heart  may  be  touched,  pinched 
or  cut  without  any  sensation  being  aroused.  In  disease,  how¬ 
ever,  e.g.,  angina  pectoris,  severe  pain  may  be  experienced.  The 
pain  is  felt  over  the  front  of  the  chest  and  down  the  left  arm. 
The  pain  impulses  travel  by  afferent  sympathetic  fibers  in  the 
middle  and  inferior  cardiac  nerves.  None  apparently  are  con¬ 
veyed  by  the  vagus.  They  enter  the  cord  via  the  posterior  roots 
of  the  upper  4  or  5  thoracic  segments.  Removal  of  the  upper 
sympathetic  ganglia,  or  the  injection  of  alcohol  around  these 
ganglia  interrupts  the  pain  fibers  or  abolishes  their  conductiv¬ 
ity,  and  is  sometimes  resorted  to  for  the  relief  of  the  severe, 
intractable  pain  of  angina  pectoris. 

The  action  of  certain  drugs  upon  the  heart.  Atropine,  as 
mentioned  on  page  203,  causes  an  increase  in  the  heart  rate  by 
abolishing  vagal  tone.  It  acts  by  antagonizing  the  action  of 
acetylcholine  —  the  vagus  substance  (see  below).  Muscarine,  a 
principle  in  poisonous  mushrooms  (amanita)  slows  or  arrests 
the  heart ;  thus,  its  action  is  similar  to  that  following  stimula¬ 
tion  of  the  vagus.  The  effects  of  atropine  and  muscarine  are, 
therefore,  antagonistic.  Pilocarpine,  physostigmine  (also  called 
eserine) ,  choline  and  its  ester  acetylcholine,  have  the  same  effect 
upon  the  heart  as  that  of  muscarine.  Nicotine  acts  up)on  the 
ganglion  (vagal)  cells  in  the  heart,  first  stimulating,  and  later 
paralyzing  them;  slowing  of  the  heart  followed  by  accelera¬ 
tion  results.  Digitalis  depresses  conduction  in  the  auriculo- 
ventricular  bundle,  thus  causing  ventricular  slowing.  It  also 
exerts  a  beneficial  effect  upon  the  heart  muscle,  and  is  probably 
the  most  valuable  drug  which  the  physician  possesses  for  the 
treatment  of  a  failing  heart.  Excessively  large  doses  of  digi¬ 
talis  may  cause  complete  functional  dissociation  of  the  auricles 

and  ventricles —heart  block. 
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The  chemical  (humoral)  transmission  of  vagus  and  accelera¬ 
tor  effects.  About  thirty  years  ago,  the  astonishing  and  impor¬ 
tant  discovery  was  made  by  Loewi,  a  German  pharmacologist, 
that  the  vagus  and  accelerator  nerves  exert  their  actions  upon 
the  heart,  not  through  the  direct  effect 


Fig.  4-49  The  perfusion  apparatus  A  is  furnished 
with  an  overflow  tube  B,  the  height  of  which  can 
be  varied  to  allow  alterations  in  the  perfusion  pres¬ 
sure.  Fluid  is  delivered  through  the  tube  C.  The 
fluid  from  A  passes  through  the  tube  D  to  the  in¬ 
flow  limb  E  of  the  double  cannula  which  supplies 
the  donor  heart  F.  After  irrigating  the  inside  of 
the  donor  heart,  the  fluid  passes  by  the  outflow 
limb  G  to  the  glass  cannulated  tube  H  to  which 
is  attached  the  recipient  heart  1.  This  cannulated 
tube  is  provided  with  a  lateral  overflow,  so  that  the 
hydrostatic  pressure  of  the  fluid  supplied  to  the 
recipient  hearf  remains  constant.  J  and  K  are  the 
levers  to  which  the  hearts  F  and  1  are  respectively 
attached.  (After  Bain.) 

through  the  intermediary  of  chemical  substances.  The  termi¬ 
nals  of  the  vagus  in  the  heart  produce  acetylcholine,  and  the 
cardiac  slowing  or  arrest,  which  results  from  vagal  stimulation, 
is  the  result  of  the  direct  action  of  this  substance  upon  the  heart 
muscle.  The  production  of  the  vagal  substance  or  Vagusstoff, 
as  Loewi  called  it,  was  demonstrated  by  the  following  experi¬ 
ment.  Two  frog  hearts  were  set  up  as  shown  in  Figure  4-49. 
The  perfusion  fluid,  after  passing  through  the  heart  on  the 
right  (donor  heart),  then  passes  through  the  heart  on  the  left 
(recipient  heart).  Now,  when  the  vagus  of  the  donor  heart 
was  stimulated  for  a  time,  inhibition  of  the  recipient  heart  fol- 
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lowed.  The  latter  effect  must  have  been  due  to  a  chemical  sub¬ 
stance  passing  into  the  fluid  perfusing  the  donor  heart  during 
the  period  of  vagal  stimulation,  and  having  then  been  con¬ 
veyed  to  the  recipient  heart.  Subsequent  experiments  have  left 
little  doubt  that  the  chemical  mediator  of  the  vagal  effects  is 
an  ester  of  choline,  namely,  acetylcholine.  Experiments  of  a 
similar  nature  have  proved  that  an  adre7ialine-h]{e  substance  is 
produced  during  stimulation  of  the  accelerator  nerves. 

The  vagal  substance  is  quickly  destroyed  after  its  production. 
In  order  that  a  chemical  shall  serve  as  a  mediator  of  vagal  ef¬ 
fects  it  is  absolutely  necessary  that  it  be  removed  rapidly  after 
it  is  produced.  Otherwise  it  would  continue  to  exert  its  effect 
and  so  cause  prolonged  slowing  or  even  arrest  of  the  heart.  The 
destruction  of  acetylcholine  is  brought  about  by  the  action  of 
an  enzyme  present  in  the  heart  muscle  as  well  as  in  the  blood 
and  other  tissues.  The  enzyme  is  called  cholinesterase.  The 
action  of  physostigmine  (eserine)  upon  the  heart  is,  as  men¬ 
tioned  above,  similar  to  that  of  the  vagus,  or  of  acetylcholine 
itself.  It  has  been  shown  that  eserine  acts  simply  by  antagoniz¬ 
ing  the  action  of  the  cholinesterase.  In  other  words,  it  prevents 
the  destruction  of  acetylcholine  which  is  being  liberated  con¬ 
stantly  from  the  vagal  endings  and,  as  a  consequence,  enhances 
the  tonic  action  of  the  vagus. 

More  recent  work  has  shown  that  the  conception  of  a  chemi¬ 
cal  or  humoral  mechanism  in  the  transmission  of  nervous  ef¬ 
fects  has  a  much  wider  application.  Not  only  the  effects  of  the 
mgus  and  sympathetic  upon  the  heart,  but  also  those  of  other 
parasympathetic  and  sympathetic  nerves,  e.g.,  of  the  stomach, 
intestine,  blood  vessels,  etc.,  are  mediated  by  chemical  ma¬ 
terials  (see  p.  614). 

l^e  rantrol  of  the  action  of  the  heart  by  chemical  substances 
carried  in  the  blood  stream.  The  importance  of  the  minerals 
sodium,  potassium,  and  calcium  upon  the  action  of  the  heart 
has  been  described  (see  p.  176).  Adrenaline,  the  hormone  of 
the  medulla  of  the  adrenal  glands,  acts  upon  the  heart  in  a  man¬ 
ner  similar  to  that  of  sympathetic  stimulation  (see  p.  463). 
The  carbon  dioxide  and  oxygen  pressures  in  the  blood  exert  a 
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powerful  influence  upon  cardiac  action.  Excess  of  carbon  di¬ 
oxide  (c.g.5  in  asphyxia)  increases  the  tone  of  the  cardio- 
inhibitory  center^  reduces  the  rate  of  impulse  formation  in  the 
S-A  node,  and  depresses  conduction  in  the  auriculo-ventricular 
bundle;  the  heart  is  therefore  slowed.  When  the  pressure  of 
carbon  dioxide  is  such  that  a  marked  change  in  blood  reaction 
toward  the  acid  side  occurs  (e.g.,  to  pH  7.0),  heart  block  results. 
Reduction  in  the  carbon  dioxide  pressure  in  the  blood  (as  may 
be  produced  by  prolonged  forced  breathing,  p.  279)  causes  the 
reverse  effects,  namely,  decrease  in  the  tone  of  the  cardio- 
inhibitory  center,  increased  rate  of  impulse  formation  in  the 
S-A  node,  and  enhanced  conduction  in  the  A-V  bundle. 

A  low  oxygen  pressure  in  the  blood  causes  an  increase  in 
heart  rate.  If  the  oxygen  lack  is  severe  or  prolonged,  slow¬ 
ing  of  the  beat  occurs,  irregularities  appear,  and  the  heart  fails. 
The  heart  muscle  is  unable  to  contract  for  long  unless  the  oxy¬ 
gen  supply  is  adequate;  it  is  much  more  susceptible  to  oxygen 
lack  (anoxia)  than  is  skeletal  muscle. 

The  length  of  the  muscle  fiber  in  relation  to  the  force  of  the 
cardiac  contraction.  It  has  been  demonstrated  experimentally 
that  the  well-nourished  heart  possesses  great  reserves  of  energy. 
For  example,  when,  as  in  muscular  exercise,  the  quantity  of 
blood  entering  the  ventricles  during  their  period  of  filling 
(diastole)  is  increased  several  fold,  the  heart  ejects  without  dif¬ 
ficulty  the  greater  quantity  of  blood  during  the  succeeding  sys¬ 
tole.  Again,  when  the  arterial  blood  pressure  is  raised  to 
double  the  normal  value,  the  left  ventricle  readily  overcomes 
the  greater  resistance  and  discharges  its  contents  as  easily,  ap¬ 
parently,  as  it  did  at  the  lower  pressure.  Starling  found  that 
the  dogs  heart  was  capable  of  discharging,  per  minute,  a 
weight  of  blood  nearly  60  times  that  of  the  heart  itself.  We 
have  already  seen  that  the  minute  volume  of  a  robust  man, 
whose  heart  weighs  about  300  grams,  may  amount  to  over  35 
liters  (approximately  35  kilograms). 

How  does  the  heart  gain  the  required  energy  for  the  per¬ 
formance  of  the  extra  work.^  Now,  it  is  well  known  that  a 
skeletal  muscle  contracts  more  forcibly  if  it  is  stretched  by  a 
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weight,  than  if  it  is  permitted  to  contract  unweighted.  The 
degree  of  stretch  to  which  the  muscle  is  subjected  —  that  is,  the 
length  of  the  muscle  fibers  before  excitation,  determines  the 
force  of  the  ensuing  contraction.  The  cardiac  muscle  liber  be¬ 
haves  in  a  similar  manner.  The  greater  the  weight,  within 
physiological  limits,  which  is  applied  to  the  muscle  during  di¬ 
astole  and,  consequently,  the  longer  the  fiber,  the  more  power¬ 
ful  wdll  be  the  follow'ing  systole.  In  the  case  of  the  heart,  the 
w'eight  which  stretches  the  muscle  during  diastole  is,  of  course, 
the  mass  of  blood  entering  the  ventricles.  Thus,  automatically, 
does  the  heart  find  the  necessary  energy  to  perform  the  extra 
work  entailed  by  an  increased  venous  return.  In  order  to  gain 
power  to  eject  blood  against  a  raised  arterial  pressure,  the 
heart  does  not  completely  empty  itself  for  the  first  few  beats. 
The  residual  blood  thus  increases  the  diastolic  volume  of  the 
heart  —  that  is,  increases  the  length  of  the  muscle  fibers.  From 
then  on,  the  heart  empties  its  chambers  completely  during  sys¬ 
tole. 

The  ability  of  the  heart  to  do  work  above  the  ordinary  re¬ 
quirements  of  the  resting  state  of  the  body  is  called  its  reserve 
power.  One  might  therefore,  in  a  sense,  compare  the  cardiac 
muscle  fiber  to  an  elastic  band  which,  as  we  know,  rebounds 
most  powerfully  when  it  is  fully  stretched.  The  behavior  of  the 
heart  in  this  regard  has  been  expressed  by  Starling  in  the  fol¬ 
lowing  words:  “  The  energy  liberated  by  a  cardiac  contraction 
is  a  simple  function  of  the  length  of  the  muscle  fibers  of  the 
ventricle  at  the  end  of  diastole.”  This  is  known  as  Starling’s 
law  of  the  heart. 

When,  as  a  result  of  disease,  the  contractile  power  of  the 
heart  is  reduced,  it  must  dilate.  In  other  words,  it  must  in¬ 
crease  the  len^  of  its  fibers  to  a  greater  degree  than  does  a 
healthy  heart  in  order  to  perform  the  same  amount  of  work. 
Thkkesmig  — hypertrophy  ~  oi  the  muscle  fiber  also  occurs. 
Enlargement  of  the  heart  is  therefore  a  sign  of  heart  disease. 
NeverAeless,  the  enlargement  in  itself  is  beneficial,  and  may 
M  looked  u^n  as  a  compensatory  process  which  enables  a 
heart  which  is  at  a  mechanical  disadvantage  (e.g.,  one  with  a 
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valvular  lesion)  to  discharge  its  functions.  Indeed,  the  hyper¬ 
trophied  heart  may  have  a  reserve  power  almost  as  great  as  that 
of  the  normal  heart.  When  the  heart  muscle  itself  is  diseased, 
it  may  be  so  greatly  weakened  that  it  cannot  even,  at  maximal 
dilatation,  contract  forcibly  enough  to  maintain  an  eflBcient 
circulation.  The  signs  of  heart  failure  then  ensue  breathless¬ 
ness  (dyspnea,  p.  285),  edema  (p.  106),  and  the  appearance  of 
a  bluish  tint  of  the  skin,  especially  of  the  lips,  ears,  and  finger¬ 
tips  (cyanosis,  p.  289). 

It  is  now  generally  accepted  that  a  healthy  heart  cannot  be 
“  strained  ”  by  overwork.  Athletics,  even  though  of  a  strenu¬ 
ous  nature,  do  not  injure  a  normal  heart.  In  other  words,  the 
volume  of  blood  brought  to  the  heart  from  the  contracting 
muscles  is  not  great  enough  to  tax  the  normal  healthy  heart 
beyond  its  reserve  powers;  the  muscles  will  fatigue  or  come  to 
the  limit  of  their  capability  before  the  heart  is  injured.  On  the 
other  hand,  if  a  person  with  valvular,  coronary,  or  other  or¬ 
ganic  cardiac  disease  indulges  in  strenuous  muscular  exercise, 
serious  injury  may  be  inflicted  upon  the  heart,  for  the  work 
demanded  of  the  heart  may  then  exceed  its  reserve  power, 
which  has  been  reduced  as  a  result  of  the  existing  disease. 


Nerve  Control  of  the  Blood  Vessels 
As  already  mentioned  on  page  13 1,  the  walls  of  the  arterioles 
are  composed  largely  of  smooth  muscle  fibers  arranged  in  such 
a  fashion  that  when  they  contract  the  vascular  lumen  is  nar¬ 
rowed.  This  muscle,  in  so  far  as  its  nerve  supply  is  concerned, 
may  be  compared  to  the  muscle  of  the  heart.  One  set  of  nerve 
fibers  —  vasoconstrictors  —  excite  the  muscle,  that  is,  cause  con¬ 
striction  of  the  arterioles.  The  other  set  —  vasodilators — in¬ 
hibit  the  muscle,  causing  it  to  relax  and  so  cause  vascular  dila¬ 
tation. 

The  vasoconstrictor  nerves.  The  vasoconstrictor  nerves  be¬ 
long  to  the  sympathetic  division  of  the  involuntary  nervous 
system.  They  arise,  in  common  with  other  sympathetic  fibers 
(p.  610),  from  cells  in  the  lateral  horns  of  the  gray  matter  of 
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the  spina}  cord  lying  between  the  levels  of  the  first  thoracic 
and  the  third  lumbar  segments.  The  vasoconstrictor  fibers  to 
the  vessels  of  the  limbs,  for  the  most  part,  are  carried  in  the 
mixed  spinal  nerves,  e.g.,  ulnar,  sciatic,  etc.  Those  to  the  head 
and  neck  pass  from  the  cervical  ganglia  of  the  sympathetic  to 
the  carotid  arteries  which  they  surround  in  a  net-like  (plexi- 


form)  manner.  These  nerve-nets,  or 
plexuses,  invest  the  vessels  to  their 
smallest  branches,  ultimately  furnish¬ 
ing  filaments  to  the  arterioles.  The 
vasoconstrictor  fibers  to  the  abdomen 
pass  to  the  vessels  in  three  well- 


defined  strands,  the  greater,  the 
lesser,  and  the  least  splanchnic 
nerves.  The  greater  splanchnic 
nerve  supplies  the  larger  proportion 
of  the  arterioles  of  the  abdomen ; 
when  stimulated,  the  wide-spread 
vasoconstriction  which  results  causes 
a  very  pronounced  rise  in  blood  pres¬ 
sure  (Fig.  4-50). 

The  vasodilator  nerves.  We  may 
group  the  vasodilator  nerves  into 
three  categories,  (a)  those  which  be- 


long  to  the  sympathetic  division  of 
the  sympathetic  nervous  system,  (b)  those  belonging  to  the 
parasympathetic  division  and  (c)  those  which  leave  the  central 
nervous  system  in  the  posterior  spinal  nerve  roots.  The  sym¬ 
pathetic  vasodilators  arise  from  the  thoracic  and  lumbar  seg¬ 
ments  of  the  spinal  cord  and  follow  the  same  general  course  L 
the  va^onstrictors.  They  appear  to  be  distributed  almost  ex¬ 
clusively  to  the  vessels  of  the  muscles  and  viscera. 

•  ^ ^  Frasympathetic  vasodilators,  some  leave  the  brain 

n  the  facial  glossopharyngeal,  and  vagus  nerves;  others  arise 
n  the  sacral  part  of  the  cord  and  are  carried  in  the  pelvic 
lerve  (p.  10)  to  the  vessels  of  the  bladder,  rectum  and  ex- 
ernal  genital  organs.  The  vasodilators  which  leave  the  brain 
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in  the  facial  nerve  enter  its  chorda  tympani  branch,  and  are 
ultimately  distributed  to  the  vessels  of  the  tongue  and  salivary 

glands. 

Vasodilator  impulses  conveyed  along  the  pelvic  nerve  to  the 
vessels  of  the  penis  or  of  the  corresponding  organ  of  the  fe- 
male  —  the  clitoris  —  are  responsible  for  the  phenomenon  of 
erection  (p.  724). 

The  vasodilator  fibers  of  the  posterior  spinal  nerve  roots  ap¬ 
pear  to  be  distributed,  mainly  at  any  rate,  to  the  skin  of  the 
limbs.  There  has  been  much  discussion  as  to  the  nature  of 
these  nerves.  When  the  posterior  nerve  roots  supplying  fibers 
to  a  limb  are  stimulated,  the  vessels  may  dilate.  Many  believe 
that  the  ordinary  sensory  fibers,  of  which  the  posterior  roots 
are  mainly  if  not  entirely  composed,  must  transmit  the  vaso¬ 
dilator  impulses.  That  is  to  say,  impulses  pass  to  the  vessels, 
apparently,  over  fibers  which  have  been  thought  to  be  capable 
only  of  conveying  impulses  to  the  spinal  cord,  i.e.,  sensory  im¬ 
pulses.  According  to  this  conception,  the  vasodilator  impulses 
travel  over  the  nerve  in  a  direction  opposite  to  that  of  the  or¬ 
dinary  sensory  impulses.  For  this  reason  they  have  been 
termed  antidromic  (Gk.  anti,  against,  dromos,  a  running) 
vasodilator  impulses.  Other  physiologists  offer  another  ex¬ 
planation  of  the  vasodilatation  which  follows  stimulation  of 
the  posterior  roots,  claiming  that  efferent  fibers  are  contained  in 
the  posterior  roots,  and  that  these  alone  are  the  transmitters  of 
vasodilator  impulses.  The  question  remains  unsettled. 

The  vasoconstrictor  and  vasodilator  centers.  The  vasocon¬ 
strictor  and  vasodilator  centers  are  situated  in  the  medulla  ob¬ 
longata,  in  the  floor  of  the  fourth  ventricle  (see  p.  599).  The 
vasoconstrictor  center  is  connected  by  tracts  of  fibers  with  the 
nerve  cells  in  the  lateral  horns  of  the  spinal  cord  which,  as 
mentioned  above,  give  rise  to  the  vasoconstrictor  fibers.  These 
cells  may  be  looked  upon  as  constituting  a  spinal  vasoconstrictor 
center.  Centers  controlling  the  vessels  also  probably  exist  at 
higher  levels  than  the  medulla,  for  example,  in  the  hypothala¬ 
mus,  and  even  in  the  cerebral  cortex. 

The  vasoconstrictor  center  in  the  medulla  and,  though  to  a 
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much  less  degree,  the  vasodilator  center'  as  well,  possess  tone. 
That  is  to  say,  impulses  are  constantly  passing  from  the  centers 
along  the  vasoconstrictor  and  vasodilator  nerves.  Under  or¬ 
dinary  circumstances,  vasoconstrictor  tone  predominates  the 
vessels  being  always  slightly  constricted.  This  tonic  vasocon- 


Fig.  4-51  Showing  vessels  of  rabbit’s  ear.  The  sympathetic  (vasocon- 
stictor)  nerves  supplying  the  right  ear  have  been  cut.  The  nerve  to 
left  ear  are  intact.  Note  the  dilatation  of  the  vessels  of  the  right  ear  as 
compared  with  those  of  the  left.  The  difference  in  caliber  of  the 
vessels  on  the  two  sides  would  be  much  more  pronounced  if  the  sym¬ 
pathetic  nerves  of  the  left  ear  had  been  stimulated. 

strictor  action  is  at  once  abolished  if  the  spinal  cord  is  cut  across 

in  the  lower  cervical  region  —  the  stream  of  impulses  from  the 
medullary  center  to  the  minute  blood  vessels  being  thus  inter¬ 
rupted.  The  blood  vessels  then  dilate,  the  peripheral  resistance, 
which  is  such  an  important  factor  in  maintaining  the  arterial 
blood  pressure,  is  greatly  reduced,  and  a  profound  fall  in  pres¬ 
sure  results.  The  low  blood  pressure  persists  for  a  time,  which 
varies  with  the  animal  species,  being  longer  in  mammals  than 
lower  forms,  and  then  gradually  returns  to  normal.  The 
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restoration  of  the  blood  pressure  to  the  normal  level  is  due  to 
the  centers  in  the  spinal  cord  assuming  the  functions  of  the 
isolated  centers  in  the  brain.  Sectioning  the  splanchnic  nerves, 
by  depriving  the  abdominal  vessels  of  tonic  vasoconstrictor  im¬ 
pulses,  acts  in  a  similar  way  to  cause  a  fall  in  blood  pressure. 

That  dilatation  of  vessels  occurs  when  the  vasoconstrictor 
fibers  to  a  part  are  cut  Can  be  very  simply  demonstrated  upon 
a  rabbit.  The  vessels  of  the  rabbit’s  ear  are  plainly  visible  when 
the  ear  is  held  up  in  front  of  a  bright  light.  If  the  sympathetic 
nerve  in  the  neck  (cervical  sympathetic)  is  cut  while  the  ear  is 
being  observed  in  this  way,  the  ear  becomes  flushed  and  warm, 
and  the  individual  vessels  are  seen  to  dilate;  see  Figure  4-51. 
The  effect  is  still  more  striking  if  the  opposite  ear  (with  nerve 
uncut)  be  compared  with  the  ear  on  the  operated  side.  This 
experiment,  first  performed  by  Claude  Bernard,  the  great 
French  physiologist  of  the  nineteenth  century,  is  taken  to 
mean  that  a  constant  stream  of  (tonic)  vasoconstrictor  impulses 
is  carried  along  the  intact  nerve  which  thus  maintains  the  ves¬ 
sels  in  a  state  of  partial  constriction.  These  impulses  are  inter¬ 
rupted  when  the  nerve  is  cut. 

Vascular  reflexes.  Variations  in  the  caliber  of  the  arterioles 
can  be  brought  about  by  stimulating  certain  afferent  nerves,  i.e., 
through  reflex  action.  The  impulses  set  up  in  the  afferent 
nerve  pass  to  the  nervous  centers  and  are  reflected  along  efferent 
nerves,  vasoconstrictor  or  vasodilator,  to  the  blood  vessels.  A 
rise  or  a  fall  in  blood  pressure,  depending  upon  the  afferent 
nerve  which  has  been  stimulated  and  the  type  of  stimulus,  may 
thus  be  induced.  A  reflex  rise  in  blood  pressure  is  called  a  preS' 
sor  reflex,  a  reflex  fall,  a  depressor  reflex.  Stimulation  of  prac¬ 
tically  any  afferent  nerve  in  the  body  may  cause  a  change  in 
the  calibers  of  the  peripheral  vessels.  It  is  not  always  possible, 
however,  to  predict  whether  a  pressor  or  a  depressor  reflex  will 
result.  A  strong  stimulus  applied  to  an  ordinary  spinal  sensory 
nerve  is  more  likely  to  produce  a  rise  in  blood  pressure.  As  a 
general  rule,  painful  stimuli  of  various  sorts  result  in  a  pressor, 
and  mild  pleasant  types  of  stimulus,  in  a  depressor  response. 
In  man,  stimulation  by  cold,  e.g.,  a  draft,  applied  to  a  cutaneous 
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area  causes  constriction  of  the  vessels  of  the  skin  over  parts  of 
the  body  remote  from  the  area  to  which  the  cold  is  applied,  as 
well  as  of  the  vessels  in  the  mucous  membranes  of  the  nose, 
throat  and  bronchi.  Gentle  stimulation  of  the  skin,  e.g.,  mas- 
sage,  causes,  as  a  rule,  vasodilatation.  Warming  the  skin  usu¬ 
ally  causes  vasodilatation  in  areas  of  skin  some  distance  from 
the  warmed  part,  but  if  the  temperature  is  raised  to  the  point 


Fig.  4-52  Showing  the  carotid 

sinus  and  arch  of  aorta  with  the 
sinus  and  aortic  neiwes.  i,  arch  of 
aorta;  2,  common  carotid;  3,  carot¬ 
id  sinus;  4,  internal  carotid;  5,  ex¬ 
ternal  carotid;  6,  vagus  nerve;  7, 
glossopharyngeal  nerve;  8,  sinus 
nerve,  branch  of  the  glossopharyn- 
geal  nerve. 


Where  a  pamfiil  sensation  is  aroused,  reflex  vasoconstriction  ■ 

more  litely  to  result. 

The  aortic  and  sinus  nerv^  There  are  two  sets  of  afferen 
hber  which  exert  a  very  special  controlling  influence  upon  th 
circulation.  When  stimulated  they  cause  r^eflex  slow  Jof  th 
heart  together  with  vasodilatation,  especially  of  the  abdomina 

of  these  effects  the  blood  pressure  falls.  One  set  of  such  afferen 

npheraJly  m  the  wall  of  the  aorta  and  base  of  the  heart  Ar 
mcrease  m  the  blood  pressure,  by  stretching  the  aorta  stimu 
lates  the  nerve  terminals  embedded  in  the  mterial  wail.- 
pu  ^s  ascend  to  the  cardiac  and  vasomotor  centers  in  the  ^ 
dulla;  impulses  are  discharged,  in  turn,  down  the  efferen^fibT; 
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of  the  vagus  and  the  vasodilator  nerves.  The  tonic  vasocon¬ 
strictor  impulses  are,  at  the  same  time,  reduced  in  frequency. 
The  vasodilatation  is  therefore  due  to  reduced  vasoconstrictor 
tone  as  well  as  to  increased  tone  of  the  vasodilators.  Though, 
in  man,  these  afferent  (depressor)  fibers  are  bound  up  in  the 
vagus  trunk  with  the  efferent  fibers,  in  certain  animals,  e.g., 
the  rabbit,  they  are  contained  in  a  separate  branch  of  the  vagus, 
known  as  the  cardiac  depressor  or  aortic  nerve,  shown  in  Fig¬ 
ure  4-52  on  the  opposite  page. 


Fig.  4-53  Showing  the  carotid 
sinus  region  in  man.  i,  common 
carotid  artery;  2,  carotid  sinus;  3, 
internal  carotid;  4,  external  carot¬ 
id;  5,  sinus  nerve;  6,  glossopharyn¬ 
geal  nerve. 


The  other  set  of  afferent  fibers  are  contained  in  the  sinus 
7ierve,  a  small  branch  of  the  glossopharyngeal  nerve.  The  fila¬ 
ments  of  this  nerve  terminate  in  receptors  situated  in  the  wall  of 
the  carotid  sinus,  the  name  given  to  a  slight  enlargement  of  the 
common  carotid  artery  where  it  divides  into  the  internal  and 
external  carotids  (Fig.  4-53).  These  receptors,  since  they  re¬ 
spond  to  a  pressure  or  stretch  stimulus,  are  called  pressorecep' 
tors.  When  stimulated  in  this  way,  as  by  a  rise  in  blood  pres¬ 
sure,  nerve  impulses  are  transmitted  along  the  sinus  nerve  to 
the  cardiac  and  vasomotor  centers  in  the  medulla  oblongata. 
Reflex  slowing  of  the  heart,  vasodilatation,  and  a  fall  in  blood 
pressure  follow.  Mere  compression  of  the  sinus  between  the 
finger  and  thumb  in  an  animal,  or  even  pressure  through  the 
skin  of  the  neck  in  a  proportion  of  normal  human  subjects,  will 
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stimulate  the  nerve  endings  in  the  sinus  wall  and  evoke  the 
reflex.  In  certain  rare  instances  the  human  carotid  sinus  is  ab- 
normally  sensitive.  In  such  persons  the  lightest  pressure  in  the 
neighborhood  of  the  sinus  (as  during  shaving,  or  buttonina  a 
collar)  inay  cause  pronounced  slowing  of  the  heart,  and  a  sharp 
a  m  blood  pressure.  The  fall  in  blood  pressure  may,  by  de¬ 
priving  the  brain  of  an  adequate  supply  of  blood,  cause  syn- 
cope  (fainting)  or  convulsions.  ^ 


Hig.  4-54  Record  A,  upper  trac¬ 
ing,  blood  pressure.  Lower, 
record  of  impulses  from  a  .sin¬ 
gle  isolated  fiber  of  the  sinus 
nerv'^e.  Record  B,  tipper  trac¬ 
ing,  blood  pressure  at  a  higher 
level  than  in  A:  note  that  the 
impulses  recorded  in  lower 
tracing  from  the  sinus  ner\'e 
are  at  a  higher  frequency  and 
persist  e\'en  throughout  the  di¬ 
astolic  pha.se. 


norm!]?—''"'",""  pressure  within  the 

of  fc  si„TJ,d  Sc 

the  frequencv  of  the  affere  t  ■  i  ”  ^  pressure  increases 
stant  depressor  effect  unon^fS™^^  magnifies  the  con- 

mg  manner,  any  tendency  for  the  hlLT'r.  ^ 
countered  by  an  ODoosite  ^  pressure  to  fall  is 

quency  of  the  impulses  voino-  f^^e  fre- 

The  smus  and  aortic  nerves  thus  exetrr 

open 


SPECIAL  FEATURES  OF  THE  CIRtoLATION  2I9 

greatly  in  either  direction.  For  this  reason  they  are  sometimes 
referred  to  as  the  “  buffer  nerves  ”  of  the  circulation. 

In  hemorrhage,  for  example,  the  fall  in  blood  pressure  oc¬ 
casioned  by  the  reduction  in  blood  volume,  diminishes  the  in¬ 
tensity  of  the  pressure  stimulus  normally  applied  to  the  sinus 
and  aortic  nerves,  thus  lowering  the  frequency  of  the  afferent 
impulses  impinging  upon  the  centers.  Reflex  vasoconstriction 
and  cardiac  acceleration  follow,  which  tend  to  restore  the  blood 
pressure  to  its  normal  level.  The  vasoconstriction  seen  in  sur¬ 
gical  shock,  and  the  ability  of  the  circulation  to  compensate  for 
the  effect  of  gravity  and  maintain  the  blood  pressure  when  the 
erect  posture  is  assumed,  are  mainly  dependent  upon  the  ac¬ 
tivity  of  the  sinus  and  aortic  nerves. 

Filaments  of  the  sinus  nerve  end  also  in  the  carotid  body,  a 
collection  of  specialized  cells  in  the  neighborhood  of  the  carotid 
sinus,  but  since  this  body  is  concerned  with  the  control  of  res¬ 
piration  rather  than  with  the  circulation,  its  structure  and 
function  will  be  deferred.  A  similar  structure,  known  as  the 
aortic  body  is  to  be  found  on  a  small  artery  arising  from  the 
arch  of  the  aorta,  its  receptors  are  innervated  by  terminals  of 
the  aortic  nerve,  and  stimulated  by  a  low  oxygen  tension  of  the 
arterial  blood.  When  so  stimulated,  impulses  travel  along  the 
aortic  nerve,  and  reflex  vasoconstrictor  resuhs.  Thus,  while 
the  carotid  body  is  concerned,  chiefly  at  any  rate,  with  the  regula¬ 
tion  of  respiration,  the  aortic  body  is  part  of  the  mechanism 
controlling  the  circulation. 

The  reflex  control  of  the  heart  and  blood  vessels  is  shown 
diagrammatically  in  Plate  5  B. 


Special  Features  of  the  Circulation  in  Certain  Parts 

The  capillary  circulation.  The  capillaries  are  the  smallest  ves¬ 
sels  of  the  circulatory  system,  measuring  about  a  millimeter 
long,  and  having  an  average  diameter  of  8  to  15  microns. 
Their  walls  are  composed  of  a  single  layer  of  endothelial  cells 
cemented  together  at  their  edges,  and  are  of  such  delicate  con¬ 
struction  that  they  are  seen  with  the  greatest  difficulty,  even 
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by  careful  microscopic  examination.  The  blood  within  the 
capillaries  (the  corpuscles  being  clearly  seen  through  their 
walls)  enables  one  to  locate  the  position  of  these  vessels.  In 
amphibia,  here  and  there,  peculiar  spider-like  cells  are  to  be 

seen  in  close  relation  to  the 
capillary.  The  bodies  of 
these  cells  possess  several 
long  slender  processes 
which  embrace  the  en¬ 
dothelial  wall.  They  are 
called  Rouget  cells  (see 
Fig.  4-9,  p.  132). 

Though,  of  course,  the 
existence  of  small  vessels 
betvt^een  the  arterial  and  ve¬ 
nous  systems  was  implicit 
in  Harvey’s  theory  of  the 
circulation  of  the  blood,  it 
was  not  until  some  years 
after  Harvey  propounded 
his  theory  that  the  capil¬ 
laries  were  actually  demon¬ 
strated  by  the  Italian  anat¬ 
omist  Malpighi.  It  has 
been  mentioned  elsewhere 
(p.  132)  that  the  whole  pur¬ 
pose  of  the  elaborate  circu¬ 
latory  system  is  to  drive 
blood  through  the  capil¬ 
laries,  for  it  is  through  the  walls  of  these  vessels  alone  that  oxy¬ 
gen  and  nutritive  materials  pass  from  the  blood  to  the,  cells  of 
the  tissues,  and  carbon  dioxide  and  waste  materials  from  the 
tissues  to  the  blood. 

Each  arteriole  is  continued  into  a  vessel  of  about  the  size  of 
a  capillary  but  differs  from  the  latter  in  that  its  walls  contain  a 
small  quantity  of  smooth  muscle;  it  is  called  a  metarteriole 
(Fig.  4-55).  Such  vessels  run  centrally  through  a  capillary 


4’55  Vessels  in  a  capillary 
area.  (After  Clia.mbers  and  Zwei- 
fach,  modified.) 


THE  CAPILLARY  CIRCULATION  221 

area  and  give  off  a  number  of  true  capillaries  —  that  is,  simple 
endothelial  tubes  which,  after  forming  a  network  of  loops,  re¬ 
turn  the  blood  to  the  metarteriole  nearer  its  venous  end.  The 
metarteriole,  by  virtue  of  its  smooth  muscle  and  of  its  possess¬ 
ing  a  vasoconstrictor  and  vasodilator  nerve  supply,  is  capable 
of  altering  its  caliber  and  thus  of  increasing  or  decreasing  the 
quantity  of  blood  flowing  through  the  capillary  area  which  it 
serves.  The  capillaries  themselves,  in  opposition  to  older  ac- 


Fig,  4-56  Muscle  capillaries .  of 
guinea-pig  injected  during  life  with 
India  ink,  showing  different  de¬ 
grees  of  constriction.  Blank  oval 
and  circular  areas  indicate  red 
corpuscles.  (After  Krogh.) 


counts  given  of  these  vessels,  are  not  able  actively  to  alter  their 
calibers.  They  are  merely  dilated  passively  by  an  increased 
volume  of  blood  entering  them  when  the  metarterioles  dilate. 
Changes  in  the  blood  flow  within  the  capillaries  occur  fre¬ 
quently  from  time  to  time  in  accordance  with  the  state  of  ac¬ 
tivity  of  the  surrounding  tissues  (Fig.  4-56).  In  a  resting  mus¬ 
cle,  for  example,  a  large  proportion  of  the  capillaries  are  closed, 
the  channels  being  completely  obliterated.  When  the  muscle 
contracts,  large  numbers  are  opened  up,  thus  increasing  the 
blood  flow  through  the  tissue  several  fold,  and  assuring  an  ade¬ 
quate  oxygen  supply  for  the  contraction  process. 

A  number  of  chemical  materials  exert  an  influence  upon  cap¬ 
illary  diameters.  Carbon  dioxide  and  lactic  acid,  produced 
during  tissue  activity,  cause  dilatation  of  the  metarterioles.  Io¬ 
dine,  urethane,  silver  nitrate,  and  histamine  have  a  similar 
effect.  Adrenaline  and  pituitrin  cause  constriction. 
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The  capillaries  of  the  human  skin.  The  most  superficially 
placed  capillaries  of  the  human  skin  are  in  the  form  of  hair¬ 
pin-like  loops  running  more  or  less  at  right  angles  to  the  skin 
surface  with  their  convexities  directed  outward.  They  lie  just 
beneath  the  papillae  of  the  skin.  These  loops  may  be  seen  when 
the  skin  at  the  base  of  the  finger  nail  is  examined  with  a  strong 
light  beneath  the  microscope  (PI.  6  A  and  Fig.  4-57).  One 


Fig-  4-57  Showing  capillary  loops  in  the  human  skin  at  the  base  of 
the  finger  nail,  as  seen  under  low  power  of  the  microscope.  The  divi¬ 
sions  in  the  scale  at  the  bottom  of  the  illustration  represent  tenths  of 
millimeters.  (After  Lewis.) 

limb  of  a  capillary  loop  receives  blood  from  the  arterial  side; 
the  blood  in  the  other  limb,  having  given  up  a  part  of  its  oxy¬ 
gen  load,  is  more  venous  in  character.  The  venous  limb  drains 
into  a  plexus  of  capillary  vessels  lying  beneath  the  bases  of  the 
papillae  of  the  skin,  and  named  the  subpaptllary  venous  plexus. 
It  is  the  blood  in  this  plexus,  and  not  that  in  the  capillary  loops, 
which  gives  color  to  the  skin.  When  the  flow  is  rapid  and  the 
vessels  of  the  venous  plexus  dilate,  the  skin  is  bright  red  in 
color.  When  the  vessels  are  constricted  the  skin  is  pale.  If  the 
blood  flow  through  the  plexus  becomes  slowed,  more  oxygen 
IS  given  up  by  the  blood  within  the  vessels,  a  greater  propor¬ 
tion  of  the  hemoglobin  is  in  the  reduced  state  and,  in  conse¬ 
quence,  the  skin  acquires  a  bluish  tint  (see  cyanosis,  p.  289). 
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This  is  seen  most  commonly  in  subjects  with  heart  disease,  the 
slowing  then  being  due  to  failure  of  the  heart  pump.  But 
slowing  of  the  cutaneous  blood  flow,  to  a  less  degree,  may  oc¬ 
cur  in  normal  persons  if  exposed  to  cold.  When  the  body  is 
chilled  the  arterioles  of  the  skin  become  constricted  (an  attempt 
on  the  part  of  the  body  to  conserve  heat,  p.  412) ;  as  a  result  of 
the  diversion  of  blood  to  deeper  parts,  the  blood  flow  through 
the  capillaries  of  the  subpapillary  venous  plexus  may  be  slowed 
to  such  an  extent  that  a  definitely  blue  tint  is  given  to  the  skin, 
especially  of  the  finger  tips,  ears  and  nose.  See  also  page  412. 

The  blood  supply  to  the  heart  muscle,  or  coronary  circulation. 
The  heart  of  mammals  possesses  a  well-developed  system  of 
vessels  —  arteries,  arterioles,  capillaries  and  veins.  The  blood 
is  delivered  to  the  heart  muscle  by  the  right  and  left  coronary 
arteries  (Pi.  6  B)  and,  after  passing  through  the  small  vessels, 
is  drained  into  the  right  auricle  by  a  large  vein  known  as  the 
coronary  sinus  (which  receives  blood  from  the  great,  middle, 
and  small  cardiac  veins)  and  by  the  two  anterior  cardiac  veins. 
A  number  of  smaller  and  more  deeply  situated  veins  known  as 
the  veins  of  Thehesius,  after  an  eighteenth-century  anatomist 
who  first  described  them,  empty  directly  into  the  auricular  and 
ventricular  cavities.  About  60  per  cent  of  the  blood  escapes 
from  the  coronary  system  by  the  coronary  sinus,  the  remainder 
by  the  anterior  cardiac  veins  and  the  veins  of  Thebesius.  The 
coronary  arteries  arise  from  the  aorta  just  beyond  the  attach¬ 
ments  of  the  aortic  valves. 

Unlike  any  other  organ  or  tissue  of  the  body,  the  greatest 
flow  of  blood  through  the  heart  muscle  takes  place  during  the 
diastolic  phase  of  the  heart.  During  the  ejection  phase  of  ven¬ 
tricular  systole  the  coronary  blood  flow  is  greatly  reduced,  for 
the  cardiac  muscle  fibers  when  they  contract  compress  the 
coronary  vessels;  the  flow  of  blood  is  then  reduced  through 
some  vessels  and  completely  arrested  through  others. 

The  mean  blood  pressure  during  the  diastolic  phase  of  the 
cardiac  cycle  is,  therefore,  the  important  factor  in  filling  the 
coronary  vessels  and  determining  the  magnitude  of  the  cor¬ 
onary  blood  flow. 

The  coronary  vessels  receive  fibers  from  both  the  vagus  and 
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the  sympathetic  nerves.  The  vagus  causes  vasoconstriction,  the 
sympathetic  vasodilatation.  Adrenaline  also  causes  dilatation 
of  the  coronary  vessels;  in  animal  experiments,  a  threefold  in¬ 
crease  in  coronary  blood  flow  has  been  obtained  by  the  use  of 
this  substance. 

Angina  pectoris  and  coronary  occlusion.  The  term  angina 
pectoris  means  breast  pain,  and  is  used  to  denote  an  attack  of 
intense  pain  felt  in  the  region  of  the  heart,  and  in  many  cases 
in  the  left  shoulder  and  arm.  It  is  due  to  the  heart  muscle  be¬ 
ing  inadequately  supplied  with  oxygen.  The  commonest  cause 
is  disease  (arteriosclerosis)  of  the  coronary  vessels.  The  disease 
causes  narrowing  of  the  caliber  of  the  arteries  and,  as  a  conse¬ 
quence,  reduces  the  blood  supply  to  the  heart  muscle.  The  at¬ 
tack  most  frequently  follows  some  muscular  effort  or  emo¬ 
tional  excitement  which  increases  the  cardiac  output  —  that  is, 
the  work  of  the  heart.  In  other  words,  the  heart  is  called 
upon  to  do  work  for  the  performance  of  which  it  is  unable  to 
obtain  an  adequate  supply  of  oxygen.  A  drug  such  as  amyl 
nitrite,  which  dilates  the  coronaries,  is  commonly  given  to  ar¬ 
rest  an  attack. 

The  severe  pain  associated  with  angina  pectoris  is  believed 
to  be  due  to  the  action  of  a  chemical  upon  the  nerve  endings. 
This  substance,  when  the  oxygen  supply  to  the  heart  is  ade¬ 
quate,  as  in  health,  is  removed  or  destroyed  about  as  quickly 
as  it  is  formed,  but  when  the  supply  of  oxygen  is  deficient  its 
accumulation  within  the  heart  muscle  gives  rise  to  anginal  pain. 

Complete  occlusion  of  a  large  branch  of  a  coronary  artery  is 
not  an  uncommon  event.  The  occlusion  is  usually  the  result 
of  the  clotting  of  blood  within  a  vessel  {thrombosis)  which  is 
the  seat  of  arteriosclerosis.  Coronary  thrombosis,  or  occlusion 
of  a  large  coronary  branch  from  whatever  cause,  is  accom¬ 
panied  by  intense  pain,  nausea  and  vomiting,  breathlessness, 
and  collapse.  Death  may  occur  almost  instantly.  If  recovery 
takes  place  the  area  of  heart  muscle  deprived  of  its  blood  sup¬ 
ply  dies  (necrosis),  and  is  replaced  by  scar  tissue.  The  electro¬ 
cardiogram  taken  shortly  after  an  attack  shows  certain  special 
features  which  are  of  the  greatest  value  in  diagnosis 
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The  pulmonary  circulation.  The  blood  passes  from  the  right 
to  the  left  side  of  the  heart  through  the  lungs.  The  same 
quantity  of  blood  as  is  discharged  in  a  given  time  by  the  right 
side  of  the  heart,  is  received  and  discharged  by  the  left.  In 
other  words,  the  quantity  of  blood  passing  through  the  lungs 
per  minute  is  the  same  as  that  passing  through  the  systemic 
circulation.  The  vessels  of  the  pulmonary  circuit,  as  of  any 
other  part,  consist  of  arteries,  arterioles,  capillaries,  and  veins. 
The  main  arterial  vessel  is  called  the  pulmonary  artery.  It  arises 
from  the  right  ventricle  and  carries  venous  blood  that  is, 
blood  in  w'hich  the  hemoglobin  is  in  the  reduced  state.  The 
main  veins  are  four  in  number  (two  from  each  lung) ;  they 
contain  arterial  (oxygenated)  blood,  which  they  deliver  into 
the  left  auricle. 

The  capillaries  of  the  lung  differ  from  those  of  any  other  tis¬ 
sue  in  that  they  are  separated  from  air  only  by  the  very  delicate 
and  incomplete  membrane  composing  the  walls  of  the  pul¬ 
monary  alveoli.  The  pulmonary  capillaries  can  increase  their 
capacity  to  a  relatively  great  extent.  Ordinarily  the  lungs  con¬ 
tain  from  6  to  lo  per  cent  of  the  total  amount  of  blood  in  the 
body,  but  under  certain  conditions  they  may  contain  20  per  cent 
of  the  total  blood  volume.  If,  for  example,  there  is  some  re¬ 
sistance  on  the  left  side  of  the  heart  (e.g.,  mitral  stenosis  or 
weakness  of  the  left  ventricle)  while  the  right  ventricle  con¬ 
tinues  to  contract  forcibly,  the  pressure  in  the  pulmonary  cir¬ 
cuit  rises;  the  capillary  bed  becomes  distended,  and  a  much 
greater  volume  of  blood  is  contained  in  the  lungs.  This  is 
likely  to  cause  breathlessness  —  a  common  symptom  of  heart 
disease  —  because  the  dilated  vessels  encroach  upon  the  pul¬ 
monary  alveoli  (p.  251).  The  greater  amount  of  blood  in  the 
lungs  also  reduces  the  distensibility  of  the  pulmonary  tissue. 

The  pressure  in  the  pulmonary  circulation  is  about  |  of  that 
in  the  systemic  circulation.  In  the  dog  the  mean  pressure  in  the 
pulmonary  artery  is  around  25  mm.  Hg  as  compared  with 
130-150  in  the  aorta. 

Variations  in  intrathoracic  pressure  occur  during  ordinary 
quiet  respiration.  The  intrathoracic  pressure  amounts  to  about 
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— 6  mm.  Hg  during  inspiration,  and  about  — 2.5  mm.  Hg 
durmg  expiration.  More  blood,  therefore,  is  “  sucked  ”  into 
the  great  veins  of  the  thorax  and  right  auricle  during  inspira¬ 
tion  than  during  expiration;  more  blood  is  discharged  from 
the  right  heart  into  the  pulmonary  system  during  inspiration. 
The  quantity  of  blood  received  and  given  out  by  the  left  side 
of  the  heart  'must,  of  course,  vary  with  the  quantity  discharged 
by  the  right  side.  The  variations  in  output  of  the  left  ventricle 
cause  corresponding  fluctuations  in  the  systemic  blood  pressure. 


Fig.  4-58  Showing  the  effect  of  the  respirations 
upon  the  arterial  blood  pressure.  I,  inspiration;  E, 
expiration. 


The  increased  discharge  of  the  left  ventricle  and  the  rise  in  sys¬ 
temic  blood  pressure  are  not,  however,  synchronous  with  in¬ 
spiration,  but  owing  to  the  increased  vascular  capacity  of  the 
lungs  themselves,  caused  by  the  inspiratory  movement,  are 
somewhat  delayed.  The  rise  in  systemic  blood  pressure,  there¬ 
fore,  does  not  commence  until  near  the  end  of  inspiration,  and 
reaches  its  maximum  toward  the  end  of  expiration  (see  Fig. 
4-58). 

The  pulmonary  vessels  are  supplied  with  fibers  from  the  sym¬ 
pathetic  and  the  vagus.  The  former  are  mainly  vasoconstrictor 
in  action,  the  latter  mainly  vasodilator. 

The  hepatic  circulation.  The  blood  from  the  gastro-intes- 
tinal  tract  and  spleen  is  collected  by  the  portal  vein  and 
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conveyed  to  the  liver.  The  blood  from  the  small  intestine  con¬ 
tains  materials  derived  from  the  food  —  that  is^  glucose,  amino- 
acids,  as  well  as  a  proportion  of  the  fat.  The  portal  vein  breaks 
up  within  the  liver  into  numerous  branches  5  its  smallest  su 

divisions  run  between  the  lobules  of  the  liver,  and  are  called 
interlobular  veins.  These  open  into  capillary-like  (but  rela¬ 
tively  wide)  vessels  called  sinusoids,  lying  between  rows  of  liver 
cells  (the  liver  cords).  All  the  sinusoids  of  a  liver  lobule  con- 
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Fig.  4-59  Hepatic  circulation,  portal  should  be  interlobular. 


verge  toward  the  center  of  the  lobule  where  they  drain  into 
a  central  vein.  The  central  veins  drain  in  turn  into  a  system 
of  larger  {sublohular)  veins  which  ultimately  join  to  form  ves¬ 
sels  called  the  hepatic  veins;  these  open  into  the  inferior  vena 
cava  (see  Fig.  4-59  and  Plate  4).  Thus  the  portal  vein  resem¬ 
bles  an  artery  in  that  it  breaks  up  into  branches  which  lead  into 
capillary  vessels.  It,  therefore,  lies  between  two  capillary  beds, 
one  in  the  walls  of  the  gastro-intestinal  tract  and  spleen,  the 
other  in  the  liver.  The  blood  of  the  portal  vein  has  a  pressure  of 
only  from  10  to  12  mm.  Hg;  it  has  a  relatively  low  content  of 
oxygen  and  a  relatively  high  content  of  carbon  dioxide.  But 
the  liver  cells  must  receive  well-oxygenated  blood  under  high 
pressure.  This  is  delivered  through  the  hepatic  artery  — a 
branch  of  the  celiac  artery.  The  latter  vessel  arises  directly 
from  the  abdominal  aorta.  The  blood  of  the  hepatic  artery  is 
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delivered  into  the  sinusoids  of  the  liver  where  it  mixes  with 
the  blood  of  the  portal  vein  (see  Fig.  4-59)- 

The  cerebral  circulation.  Blood  is  delivered  to  the  brain 
through  two  pairs  of  arteries  —  the  internal  carotids  and  the 
vertebrals  — and  is  drained  away  by  the  internal  jugular  veins. 
The  vertebral  artery  is  a  branch  of  the  subclavian  artery.  It 
must  be  remembered  that  the  brain  is  enclosed  in  a  rigid  case  — 
the  skull.  Since  the  contents  of  the  skull  —  brain,  blood,  and 
cerebrospinal  fluid  —  are  incompressible,  their  volume  can  alter 
very  little  from  time  to  time.  More  blood  can  be  accommo¬ 
dated  in  the  cranial  cavity  only  through  the  displacement  of 
an  equal  quantity  of  cerebrospinal  fluid  into  the  spinal  canal, 
where  room  is  made  for  it  by  the  stretching  of  membranes  sit¬ 
uated  between  the  joints  of  the  vertebrae.  Though  the  quan¬ 
tity  of  blood  within  the  skull  changes  comparatively  little  from 
time  to  time,  the  velocity  of  the  blood  flow  through  the  cere¬ 
bral  vessels  varies  considerably.  The  flow  is  determined  largely 
by  the  blood  pressure  in  the  rest  of  the  body,  a  rise  in  pressure 
in  the  aorta  increasing  the  cerebral  blood  flow,  and  vice  versa. 
For  example,  when  a  person  assumes  the  standing  position,  the 
carotid  sinus  and  aortic  nerve  mechanisms  come  into  play  and 
prevent  a  fall  in  the  pressure  of  blood  in  the  arteries  going  to 
the  head,  which  otherwise  would  result  from  the  effect  of  grav¬ 
ity  upon  the  circulation.  The  brain  is  thus  assured  of  an  ade¬ 
quate  blood  supply. 

The  flow  through  the  brain  is  dependent  also  upon  the 
pressure  gradient  —  that  is,  upon  the  difference  between  the 
pressures  in  the  cerebral  arteries  and  the  cerebral  veins.  An 
increase  in  the  pressure  in  the  internal  jugular  veins  (the  pres¬ 
sure  in  the  cerebral  arteries  being  unchanged)  will,  therefore, 
tend  to  diminish  the  cerebral  blood  flow. 

Variations  in  the  blood  flow  through  the  cerebral  vessels  can 
occur,  however,  quite  independently  of  the  general  blood  pres¬ 
sure  for,  though  denied  for  years,  it  is  now  accepted  that  these 
vessels  are  supplied  with  nerves,  which  can  bring  about  active 
changes  in  vascular  calibers.  Though  the  systemic  blood  pres¬ 
sure  remains  unchanged,  an  increased  cerebral  blood  flood  can. 
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therefore,  be  effected  through  intracranial  vasodilatation.  Con¬ 
striction  of  the  cerebral  vessels,  with  a  constant  systemic  pres¬ 
sure,  will  cause  the  opposite  effect,  namely,  a  reduction  in  the 
blood  supply  to  the  brain.  The  vasodilator  fibers  to  the  cere¬ 
bral  vessels  are  derived  from  the  facial  nerve,  the  vasoconstrictors 
from  the  sympathetic. 


Chapter  5 

THE  DEFENSIVE 
MECHANISMS  OF  THE  BODY 
AGAINST  DISEASE  AND  INJURY; 
SHOCK,  ANAPHYLAXIS,  ALLERGY 


Infecting  agents,  Man,  animals,  and  plants  are  constantly 
liable  to  attack  by  many  lower  forms  of  life,  namely,  bacteria, 
fungi  or  molds  (which  cause  ring-worm  and  other  affections  of 
the  skin),  and  protozoa.  These  latter  are  the  infecting  organ¬ 
isms  in  some  of  the  most  virulent  of  human  diseases,  such  as 
malaria,  amebic  dysentery,  African  sleeping  sic\ness,  etc.  Bac¬ 
teria  and  fungi  belongs  to  lower  orders  of  the  vegetable  king¬ 
dom.  Protozoa  are  unicellular  animal  forms  (Fig.  5-1 ) . 

The  viruses,  another  large- group  of  infecting  agents,  are  the 
cause  of  a  number  of  well-known  diseases,  such  as,  measles, 
mumps,  chic\enpox,  smallpox,  influenza,  one  type  of  pneu¬ 
monia,  anterior  poliomyelitis  {infantile  paralysis),  rabies,  psit¬ 
tacosis  (a  disease  of  parrots  and  allied  species  transmissible  to 
man),  and  the  common  cold.  They  are  also  responsible  for 
several  diseases  of  plants  and  even  attack  bacteria.  It  is  the 
general  opinion  that  viruses  are  living  organisms,  or  relatively 
large  protein  bodies  on  the  border  line  between  the  living  and 
the  nonliving.  They  are  of  minute  size,  as  compared  with  bac¬ 
teria;  most  are  invisible  under  the  ordinary  microscope  and 
pass  readily  through  a  fine  filter  {filtrable  viruses).  Unlike 
bacteria,  Aey  cannot  be  grown  apart  from  living  cells.  The 
intensely  infective  nature  of  these  agents  is  evident  from  the 
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Fig.  5-1  Some  pathogenic  microorganisms. 
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fact  that,  in  the  case  of  one  at  least,  the  particular  disease  of 
which  it  is  the  cause  can  be  transmitted  by  as  small  an  amount 
as  I  cc.  of  a  solution  containing  it  in  a  dilution  of  only  i  part  in 
10  billion. 

The  types  of  bacteria  are  innumerable,  but  fortunately  only 
a  small  proportion  cause  disease.  Also,  only  a  relatively  few 
kinds  of  fungi  and  protozoa  threaten  man  or  animals.  Several 
bacterial  forms  are  actually  beneficial  to  man  and  some  are 
even  essential  for  human  welfare.  Those,  for  example,  which 
inhabit  the  intestinal  tract  effect  the  final  breakdown  of  food 
material  with  the  formation  of  gas  which,  together  with  the 
bulk  by  which  the  bacteria  themselves  add  to  the  feces,  stimu¬ 
late  the  bowel  movements.  Other  bacterial  forms  present  in 
the  intestine  are  capable  of  synthesizing  several  factors  of  the 
vitamin  B  complex,  as  well  as  vitamin  K.‘  From  others  again, 
and  from  molds,  anti-infective  substances  of  various  kinds  have 
been  isolated  (see  p.  241). 

Bacterial  forms.  The  commoner  types  of  disease-producing 
(pathogenic)  bacteria  can  be  classified,  on  a  basis  of  their  mi¬ 
croscopical  appearances,  into  four  main  groups,  cocci  (sing. 
coccus),  bacilli  (sing,  bacillus),  spirilla  (sing,  spirillum),  and 
spirochetes  (see  Fig.  5-1). 

The  cocci  are  dotlike  bodies  which  appear  singly,  in  pairs 
{Diplococci,  a  species  of  which  causes  lobar  pneumonia),  in 
clumps,  like  grapes  {Staphylococci),  or  in  chains  {Strepto¬ 
cocci).  These  last  two  types  are  the  cause  of  acute  pyogenic  in¬ 
flammatory  conditions.  One  strain  of  streptococcus  is  the  cause 
of  scarlet  fever. 

The  bacilli  are  rod-shaped  organisms;  examples  of  which  are 
the  typhoid,  tetanus,  and  diphtheria  bacilli  and  the  tubercle 
bacillus. 

Spirilla  are  slender  organisms  possessing  a  shape  like  the 
shaft  of  a  corkscrew. 

The  spirochetes,  one  genus  of  which  is  the  cause  of  syphilis, 
have  a  slender  spiral  stmcture. 

^  It  sometimes  happens  that  a  patient  receiving  an  antibacterial  agent  (“sulfa” 
drug  or  antibiotic,  p.  241),  especially  when  given  by  mouth,  develops  a  deficiency  in 
certain  vitamin  or  vitamins  as  a  result  of  the  destruction  of  intestinal  bacteria. 
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The  reactions  of  the  tissues  to  infecting  agents.  A  patho¬ 
genic  organism  or  virus  shows,  as  a  rule,  a  highly  selective  ac¬ 
tion  with  respect  to  the  tissue  which  it  or  its  toxin  injures,  and 
the  symptoms  characteristic  of  the  disease  which  it  causes  ^e 
the  manifestations  or  the  results  of  such  injury,  or  represent  the 
reaction  of  the  tissue  cells  to  invasion  by  the  particular  type  of 
microorganism  or  virus.  The  toxin  of  the  tetanus  bacillus,  for 
example,  singles  out  nervous  structures,  lowering  the  “  resist¬ 
ance  ”  at  synaptic  junctions,  so  that  a  relatively  mild  stimulus  • 
a  mere  touch,  a  faint  sound,  or  a  light  —  may  cause  espread 
muscular  responses.  The  viruses  of  rabies  and  anterior  polio¬ 
myelitis  also  direct  their  attack  to  the  central  nervous  system, 
the  former  injuring  nerve  centers  in  the  brain,  the  latter  de¬ 
stroying  chiefly  the  motor  cells  of  the  spinal  cord.  The  ty¬ 
phoid  bacillus  directs  its  main  attack  to  the  mucous  membrane 
of  the  small  intestine;  the  tubercle  bacillus  has  a  predilection 
chiefly  for  pulmonary,  bone,  and  joint  tissues  (though  almost 
any  tissue  may  be  attacked).  The  bacteria  of  general  septic 
infections,  the  staphylococci  and  streptococci,  show  much  less 
selectivity  of  action,  for  they  may  cause  an  inflammatory  con¬ 
dition  in  any  tissue  (see  also  p.  96).  The  spirochete  of  syph¬ 
ilis  is  also  devoid  of  selective  action;  skin,  bone,  nervous,  or  any 
other  tissue  may  be  attacked.  The  reactions  of  the  tissues 
which  it  attacks  are,  however,  as  are  also  those  of  the  tubercle 
bacillus,  quite  characteristic.  The  infected  tissues  react  to  both 
of  these  types  by  attracting  small  round  cells,  mostly  lympho¬ 
cytes,  which  form  masses  around  the  invading  organism.  Thus 
a  tubercle  is  formed  in  the  case  of  tuberculosis,  or  a  tumorlike 
structure  called  a  gumma  if  spirochetes  are  the  invading  or¬ 
ganisms. 

The  processes  of  immunity.  The  body  is  capable  of  putting 
up  a  defense  which  is,  in  part  or  entirely,  successful  against  the 
inroads  of  most  of  the  bacteria  and  viruses.  The  protection 
when  it  develops  fully  is  called  immunity.  One  who  has  suf¬ 
fered  from  an  attack  of  smallpox,  for  example,  cannot  (except, 
perhaps,  in  the  rarest  instance)  contract  the  disease  again. 
With  respect  to  that  particular  disease  he  is  immune.  Vaccina¬ 
tion  also  confers  immunity  against  smallpox. 
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The  defenses  of  the  body  against  the  various  disease-produc¬ 
ing  (pathogenic)  organisms  depend  upon  the  activity  of  living 
cells.  Cells,  such  as  the  neutrophil  polymorphonuclear  leuco¬ 
cytes  and  certain  wandering  cells  of  the  reticulo-endothelial  sys¬ 
tem,  exert  their  protective  action  in  an  obvious,  overt  or,  one 
might  say,  in  a  mechanical  way ;  they  ingest  the  bacteria.  The 
phagocytic  property  of  the  neutrophil  leucocytes  has  been  al¬ 
ready  described  in  Chapter  3.  The  immunity  which  the  leu¬ 
cocytes  confer  is  nonspecific,  for  they  attack  various  types  of 
bacteria  indiscriminately,  though  they  are  particularly  active 
against  the  pus-pfoducing  {pyogeriic)  forms.  Other  cells  of 
the  body,  especially  the  lymphocytes  in  the  lymphoid  tissue, 
generally,  throughout  the  body,  produce  and  liberate  chemical 
substances,  closely  associated  with  the  globulin  of  the  plasma, 
which  have  a  specific  neutralizing  or  destructive  action  upon 
the  agent  causing  the  disease.  These  substances,  which  go  un¬ 
der  the  generic  term  of  antibodies,  are,  as  it  were,  made  to  order, 
each  for  protection  against  only  one  pathogenic  agent.  Thus 
the  antibody  which  is  responsible  for  immunity  against  small¬ 
pox  is  inactive  against  measles  or  any  other  infectious  disease. 
There  are  several  types  of  antibody,  namely  antitoxins,  which 
combine  with  and  neutralize  the  bacterial  poison,  a  substance 
generally  called  a  toxin.  Others  called  cytolysins  or  bacterio- 
lysins  destroy  the  foreign  cell  itself;  to  this  group  belong  the 
specific  hemolysins  (p.  88)  which  cause  the  destruction  of  the 
red  cells  of  one  species  when  injected  into  the  blood  of  another. 
Agglutinins  with  which  we  are  familiar,  they  having  been  re¬ 
ferred  to  in  connection  with  the  blood  groups  (p.  79),  render 
bacteria  innocuous  by  clumping  them  together  in  a  mass.  Ag¬ 
glutinins  are  produced  in  the  blood  of  a  patient  suffering  from 
typhoid  fever.  Some  precipitins  form  an  insoluble  compound 
with  the  bacterial  toxin  and  with  foreign  proteins." 

The  foreign  agent  —  whether  a  red  cell  in  incompatible 

A  delicate  and  specific  te.st  for  human  blood  in  medico-legal  (murder)  cases  is 
based  on  the  precipitin  reaction.  A  rabbit  is  given  a  series  of  injections  of  a  solution 
of  human  blood  or  serum.  When  the  serum  of  the  rabbit  which,  as  a  result  of  the 
injections  has  developed  a  precipitin  active  against  human  scrum,  is  added  to  a  speci¬ 
men  of  the  suspected  blood  (e.g.,  from  stains  on  clothing,  a  presumed  weapon,  etc.) 
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bloodj  a  tissue  cell  of  another  species,  a  bacterial  cell,  or  a  virus, 
which  stimulates  the  tissue  cells  of  the  host  (i.e.,  of  the  infected 
person  or  animal)  to  produce  the  antibody  —  is  called  an  anti¬ 
gen  {anti  [body]  -j-  Gk.  root  gcn^  to  form  or  produce).  The 
response  of  the  tissues  of  the  host  to  the  antigen  and  the  produc¬ 
tion  of  the  antibody  together  with  the  reation  between  the  two. 

Fig.  5-2  Diagram  illustrat¬ 
ing  the  production  of  anti¬ 
toxin  according  to  Ehrlich’s 
side-chain  theory.  ^  “ 

toxin,  blac}^,  toxophore 
group;  blan\  circle,  hapto- 
phore  group;  ^  =  recep¬ 
tors  or  haptins  of  body  cell 
which  join  with  the  hapto- 
phore  group  of  the  toxin  and 
through  which  the  latter  exerts  its  harmful  effect  upon  the  cell.  Under  the 
stimulus  of  the  toxin  (antigen),  receptors  are  produced  in  excess  and  escap¬ 
ing  into  the  general  blood  stream  constitute  the  antitoxin. 

is  called  the  antibody-antigen  reaction.  Paul  Ehrlich  of  Berlin 
(1854-1915)  many  years  ago  sought  to  explain  this  reation  and 
the  immunity  which  it  conferred  by  what  has  come  to  be  known 
as  Ehrlich’s  side-chain  theory  of  immunity  (see  Figs.  5-2  and 
5-3).  Thus,  in  the  case  of  immunity  due  to  an  antitoxin,  he 
conceived  that  the  protoplasm  of  the  tissue  cells,  stimulated  by 
the  antigen,  formed  and  put  forth  active  chemical  groups,  or 
side-chains,  called  receptors  or  haptins;  these  combined  with 
the  bacterial  toxin,  and,  being  thus  linked  to  the  tissue  cells, 
brought  about  the  injury  characteristic  of  the  disease.  But  the 
tissue  cells  produced  an  excess  of  such  receptors  which,  becom¬ 
ing  detached,  passed  into  the  general  circulation  where  they 
combined  with,  toxin  before  it  could  reach  and  damage  the  cells. 
These  free  receptors  constituted  the  antitoxin.  The  same  con¬ 
ception  could  be  made  to  embrace  other  types  of  antibody. 
Ehrlich  suggested  that  the  toxin  molecule  possessed  two  active 
chemical  groups;  one,  known  as  the  toxophore  grouD- 
sponsible  for  its  injurious  action.  The  other,  called 

dissolved  in  a  test  tube,  a  slight  cloudy  precipitate  appears  if  the  materii 
is  human  blood.  If  it  is  the  blood  of  an  animal  the  solution  remains  cle 
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iophore  group,  united  with  the  cell  receptor  or  haptin,  and 
thus  enabled  the  toxin  to  bring  its  action  to  bear  upon  the  tissue 
cell. 

Three  types  of  immunity  are  recognized,  natural,  active,  and 
passive,  l^atural  immunity,  also  called  inborn  or  innate,  is  that 


ory  a  substance  destroyed  by  heat  and  called  the  complement  (?)  is 

present  in  nearly  all  normal  sera.  It  becomes  joined  to  the  receptor 
{  ^)  of  the  foreign  cell  by  means  of  another  substance  called  the  ambo- 
ceftor  (f ),  intermediary,  or  immune  body.  When  this  union  takes 
place  the  foreign  cell  is  destroyed.  The  amboceptor,  which  is  not 
destroyed  by  heat,  is  produced  by  the  body  cells  of  the  animal  receiving 
the  injection  of  antigen,  e.g.,  foreign  cells  bacteria,  blood  cells,  or  tissue 
cells  of  another  species;  it  is  specific,  having  a  destructive  action  only 
upon  the  kind  of  cells  which  were  injected.  The  complement  is  non¬ 
specific;  its  nonspccificity  can  be  demonstrated  in  the  following  way. 
When  the  immune  serum  is  heated,  the  complement  but  not  the  am- 
teeptor  is  destroyed  and  the  serum  loses  its  cytolytic  action;  this  is 
immediately  restored,  however,  by  adding  any  normal  serum. 

which  has  not  been  acquired  by  a  previous  attack  of  the  disease, 
or  in  any  other  way.  Thus,  we  are  naturally  immune  to  some 
diseases  which  afflict  animals,  and  they  possess  a  natural  im¬ 
munity  to  a  great  many  human  diseases  —  for  example,  mea¬ 
sles  and  anterior  poliomyelitis,  to  mention  only  two.  Many 
persons  appear  to  be  naturally  immune  to  anterior  poliomyeli¬ 
tis,  and  to  some  other  human  diseases. 
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Active  immunity  is  that  which  has  been  developed  as  a  result 
of  the  activity  of  the  body’s  own  cells,  as  when  a  per^n  as 
recovered  from  an  attack  of  an  infectious  disease,  or  has  had  the 
antigen  administered  by  injection  as  explained  below. 

Immunity  produced  by  the  injection  of  an  antibody,  e.g., 
diphtheria  antitoxin,  formed  in  the  body  of  an  animal  or  of 
another  person  is  called  fassive.  Diphtheria  antitoxin,  for  ex¬ 
ample,  is  produced  by  the  horse  into  which  the  toxin  (antigen) 
of  diphtheria  has  been  injected.  Serum  from  such  animals  is 
employed  in  treating  diphtheria  in  patients  suffering  from  this 
disease.  In  a  similar  way,  serum  from  patients  who  have  re¬ 
cently  recovered  from  a  disease,  such  as  measles,  scarlet  fever, 
or  anterior  poliomyelitis,  is  used  to  immunize  passively  another 
person  suffering  from  the  same  disease. 

It  is  not  always  easy  to  say  whether  a  person  who  has  been 
exposed  to  some  infection  or  other  but  does  not  catch  it,  is 
naturally  immune  to  the  disease  or  has  been  actively  immunized 
against  it  by  having  at  some  time  previously  contracted  it  in 
such  a  mild  form  that  it  was  not  recognized.  An  apparently 
natural  immunity  probably  occurs  in  this  way  to  the  virus  of 
anterior  poliomyelitis  and  to  the  typhoid  bacillus. 

Active  immunity  may  be  conferred  artificially  m  order  to 
prevent  persons  from  contracting  a  disease  should  they  be  ex¬ 
posed  to  it.  They  are  injected  {inoculated^  with  an  emulsion 
of  bacteria  which  have  been  killed  by  heat  or  chemical  means. 
The  toxin  is  not  destroyed,  and  it  is  the  essential  antigenic  sub¬ 
stance.  Such  preparations  of  dead  bacteria  are  called  vaccines. 
This  method  of  immunization  is  employed  against  typhoid 
fever  and  infections  with  pyogenic  organisms.  Other  methods 
of  vaccination  are  practiced  for  protection  against  smallpox  and 
rabies.  Immunization  against  smallpox  is  carried  out  by  infect¬ 
ing  the  subject  with  a  mild  form  of  the  disease  known  as  cow- 
pox.^  The  lymph  of  calves  which  have  been  inoculated  with 

®  Vaccination  against  smallpox  has  a  long  history;  it  was  practiced  in  Eastern 
countries,  especially  China  and  India,  many  hundreds  of  years  ago.  The  method 
employed  before  Jenner  was  a  rather  dangerous  procedure.  But  considering  the  ter¬ 
rible  ravages  of  smallpox,  it  was  justified.  In  this  old  method,  the  person  whom  it 
was  desired  to  protect  against  smallpox  was  inoculated  with  a  little  material  (some- 
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the  disease  is  pricked  or  lightly  scratched  into  the  subject’s  skin. 
In  the  case  of  rabies  (hydrophobia)  the  victim  of  the  disease  is 
inoculated  with  a  solution  of  the  virus  which  has  been  weak¬ 
ened  by  drying  and  aging.  Finally,  the  toxin  of  the  causative 
organism,  e.g.,  that  of  diphtheria  or  of  tetanus  (lockjaw),  may 
be  rendered  nontoxic  by  chemical  treatment  without  destroying 
its  antigenic  properties  —  that  is,  its  ability  to  stimulate  anti¬ 
body  production.  In  other  words,  the  toxophore  groups,  but 
not  the  haptophore  groups  of  the  toxin  are  destroyed.  Im¬ 
munizing  agents  prepared  in  this  way  are  called  toxoids.  By 
the  administration  of  diphtheria  toxoid  to  young  children, 
deaths  from  diphtheria,  which  used  to  run  into  high  figures  an¬ 
nually,  have  been  reduced  almost  to  the  vanishing  point. 

Pain  and  rest.  The  pain  and  temporary  loss  of  function  of 
an  inflamed  or  injured  part  are  definitely  protective  provisions. 
Though  we  may  think  that  pain  has  been  imposed  upon  us  by 
a  malicious  Nature  and  could  be  dispensed  with,  we  would 
soon  be  destroyed  were  it  not  for  the  warning  which  it  gives 
of  injury  or  of  a  threat  of  injury.  In  a  certain  nervous  disease 
affecting  the  sensory  fibers  in  the  spinal  cord  which  carry  im¬ 
pulses  giving  rise  to  the  sensation  of  pain  and  temperature 
from  the  hands,  the  patient  is  continually  damaging  his  fingers; 
sores  develop  from  such  injuries,  which  are  neglected  because 
they  cause  no  discomfort.  It  is  also  true  that  the  most  potent 
stimulus  for  evoking  a  protective  reflex,  such  as  jerking  the 
hand  away  from  a  hot  object,  is  a  painful  one.  In  the  case  of 


times  first  dried)  from  a  pustule  of  a  patient  recovering  from  the  disease.  The 
viru.s,  being  in  a  weakened  state,  caused,  e.xcept  rarely,  a  mild  form  of  the  disea.se  in 
the  inoculated  person.  This  method  was  introduced  into  England  in  the  eight¬ 
eenth  century.  Edward  jenner,  an  English  physician,  originated  the  modern  method 
of  vaccmation  against  smallpox  in  1796.  The  idea  came  to  him  from  the  remark 
^a  mil^aid,  “I  cannot  take  the  smallpox  for  I  have  already  had  the  cowpox.” 
The  truth  of  this  statement  was  known  generally  among  the  country  people  of  the 
district.  Jenner  accordingly  inoculated  a  boy  of  eight  years,  named  James  Phipps, 
with  pus  from  the  hand  of  a  dairymaid  infected  with  cowpox.  Two  months  iXr 
Jenner  inoculated  the  boy  with  smallpox  virus.  This,  the  crucial  test,  proved  the 
etocy  of  vaccination:  Phipps  did  not  contract  smallpox.  An  outstanding  example 
of  the  value  of  vaccination  against  .smallpox  is  afforded  by  the  statistics  of  the  Fran^- 

TrW  A ^  vaccination  was 

died  of  smallpox,  but  several  thousand 

rrcncli  soldiers  succumbed  to  tiae  disease. 
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the  eye,  our  most  valuable  sense  organ,  the  winking  reflex 
which  shields  the  eye  is  extremely  sensitive.  Even  the  sight  ot 
an  approaching  object  which  might  injure  the  eye  will  elicit 
the  reflex;  a  stimulus  applied  to  the  cornea,  the  anterior  sur¬ 
face  of  the  eye  which,  if  directed  to  any  other  part  of  the  body 
surface  would  result  in  nothing  more  than  a  mild  sensation  of 
touch,  v^hen  applied  to  the  eye  instantly  causes  reflexes 
of  the  eyelid.  The  cornea  is  richly  supplied  with  pain  fibers 
which  have  a  very  low  threshold;  almost  any  stimulus,  except 
the  very  blandest  such  as  a  gentle  jet  of  warm  water,  if  it  gives 
rise  to  any  sensation  at  all,  causes  pain. 

Of  an  importance,  as  a  protective  device,  nearly  as  great  as 
that  of  pain,  is  the  suspension  of  function  in  an  injured  struc¬ 
ture.  Rest,  whether  of  a  broken  bone  or  a  lung,  enables  the 
healing  power  of  Nature  (vis  medicatrix  naturae')  to  exert  most 
effectively  its  beneficent  action.  In  some  instances,  such  as  in 
pulmonary  tuberculosis,  where  one  lung  is  solely  or  predomi¬ 
nantly  affected,  man,  by  artifice,  does  what  Nature  cannot,  or 
fails  to  do.  The  severely  damaged  lung  is  immobilized 
that  is,  put  at  rest  by  collapsing  it  (as  by  the  injection  of  air 
into  the  pleural  cavity  of  that  side)  or  by  cutting  one  phrenic 
nerve,  and  thus  paralyzing  the  corresponding  half  of  the  dia¬ 
phragm.  So,  also,  a  broken  bone  is  immobilized  by  putting 
it  in  splints,  and  inflamed  eyes  are  protected  by  a  bandage  or 
dark  glasses  (though  some  natural  protection  is  afforded  by 
contraction  of  the  pupil  and  closure  of  the  eyelids). 

A  recapitulation  of  other  protective  mechanisms.  There  are 
a  number  of  other  defensive  measures  which  the  body  can  take 
against  the  variety  of  adverse  conditions  and  dangers  occurring 
in  an  ever-changing  environment.  Among  such  provisions  of 
Nature,  most  of  which  have  been  or  will  be  dealt  with  else¬ 
where  in  this  book,  are:  the  coagulation  of  the  blood  and  the 
other  reactions  which  tend  to  ensure  against  fatal  hemorrhage 
(pp.  78  and  106) ;  the  protection  against  a  general  blood  in¬ 
fection  afforded  by  the  lymph  nodes;  the  cilia  and  mucus  of 
the  upper  respiratory  passages  as  well  as  the  cough  reflex  which 
serve  to  prevent  the  entrance  of  foreign  material  into  the  finer 
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airways  of  the  lungs  (p.  248) ;  and  the  reactions  of  the  sym¬ 
pathoadrenal  system  (pp.  464  612). 

Finally,  it  should  be  mentioned  that  in  order  that  the  various 
safeguards  shall  serve  their  purposes  most  effectively,  since  they 
are  manifestations  of  living  cells,  all  physiological  processes 
must  be  maintained  in  states  of  prime  efficiency.  Unless  this  is 
so,  the  normal  biochemical  balance  of  the  internal  environ¬ 
ment  (homeostasis,  p.  51)  is  not  secured.  When  the  general 
health  is  undermined,  a  way  is  opened  for  invasion  by  patho¬ 
genic  micro-organisms.  Diabetic  patients,  for  example,  are 
especially  susceptible  to  infection,  and  victims  of  this  malady, 
and  of  nephritis  and  other  general  diseases,  are  often  carried 
off,  not  directly  by  the  disease  itself,  but  by  some  “  intercurrent 
infection  ”  such  as  pneumonia,  or  a  septic  condition. 

Chemotherapy.  This  is  the  treatment  of  disease  by  the  ad¬ 
ministration  of  a  chemical  compound,  in  many  instances  syn¬ 
thetic,  by  means  of  which  the  causative  micro-organisms  are 
destroyed  within  the  body  of  the  patient,  or  their  multiplica¬ 
tion  arrested.  The  science  of  chemotherapy  has  made  enor¬ 
mous  strides  within  the  last  fifteen  or  twenty  years.  The  aim 
of  the  investigator  in  this  field  is  to  prepare  a  chemical  com¬ 
pound  which  is  selectively  active  against  one  or  more  types  of 
pathogenic  organism,  but,  in  the  dosage  used,  exerts  little  or  no 
toxic  action  upon  the  patient. 

Paul  Ehrlich,  the  founder  of  the  science  of  chemotherapy,  in¬ 
troduced  some  forty  years  ago  an  arsenical  compound  having 
a  destructive  action  upon  the  spirochetes  of  syphilis.  It  was 
named  Salvarsan  or  arsphenamine.  It  was  also  commonly 
knowm  as  “  606  ”  (six-o-six)  because  it  was  the  last  of  a  long 
series  of  compounds  (presumably  606)  which  had  been  experi¬ 
mented  with  in  the  search  of  a  cure  for  syphilis.  Several  com¬ 
pounds  of  arsenic  and  antimony  have  since  been  synthesized 
which  are  active  against  the  protozoan  organisms  of  malaria, 
African  sleeping  sickness,  and  other  tropical  diseases. 

T he  “  sulfa  ’’  drugs.  In  1928  it  was  discovered  by  Dr. 
Domagk,  a  German  scientist,  that  prontosil,  a  red  dye,  when 
administered  to  mice  enabled  them  to  withstand  an  injection 
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of  pathogenic  bacteria  which  was  ordinarily  lethal.  It  was 
found  later  that  a  chemical  group  contaming  sulfur  was  the 
active  antibacterial  agent.  This  compound  was  prepaxed  sepa- 
rately;  it  is  colorless  and  known  as  sulfanilamide.  The  use  ot 
this  drug  and  its  derivatives  —  the  so-called  sulfa  or  sulfona¬ 
mide  drugs -hzs  opened  up  a  fresh  vista  in  chemotherapy. 
Several  bacterial  diseases  from  which  the  death  rate  was  ev 
tremely  high  have  been  treated  with  these  compounds  with 
spectacular  success.  A  large  number  of  derivatives  of  sulfanila¬ 
mide  have  been  synthesized,  such  as  sulfapyridine,  sulfathta- 
zole,  and  sulfadiazine,  to  mention  those  in  rnost  common  use. 
The  sulfonamides  are  not  equally  active  against  different  bac¬ 
terial  forms.  One  drug  may  be  active  against  one  group  of 
bacteria  but  fails  against  another  group. 

Antibacterial  agents  such  as  the  “  sulfa  ”  drugs  do  not  kill  the 
bacteria,  like  antiseptics  or  other  chemicals,  such  as  the  arseni¬ 
cal  compounds.  They  prevent  the  bacteria  from  multiplying. 
They  are  bacteriostatic "  (L.  statos,  standing)  rather  than  bac¬ 
teriocidal  (L.  caedo,  I  kill). 

Antibiotics.  An  entirely  new  class  of  highly  effective  anti¬ 
bacterial  agents  has  been  discovered  within  recent  years.  These 
substances,  known  as  antibiotics ,  are  obtained  from  other  living 
organisms,  especially  fungi,  molds,  and  bacteria.  It  was 
through  a  happy  accident  and  alert  observation  that  the  first  of 
these  principles  was  discovered.  In  1929,  Dr.  (later  Sir)  Alex¬ 
ander  Fleming,  an  English  bacteriologist,  noticed  that  the 
growth  of  a  culture  of  staphylococci  which  had  been  exposed 
to  the  air  of  the  room  was  arrested  in  the  neighborhood  of  a 
growth  of  a  mold  which  had  fallen  upon  the  same  culture 
plate.  He  suggested  that  the  mold  had  produced  a  substance 
inimical  to  the  bacteria.  Dr.  (later  Sir)  H.  Florey  and  his  as¬ 
sociates  at  Oxford  instituted  a  series  of  experiments  during  the 

^  The  mode  of  action  of  sulfanilamide  is  believed  to  be  as  follo\vs.  A  factor  of 
the  vitamin  B  complex,  para-amino-benzoic  acid,  is  an  essential  requirement  for  some 
enzyme  system  in  the  bacterial  cell.  Owing  to  the  similarity  of  their  chemical  struc¬ 
tures,  the  “  sulfa  ”  drug  and  the  vitamin  compete  for  inclusion  in  the  enzyme  sys¬ 
tem.  When  the  drug  is  taken  up  by  the  latter,  the  entrance  of  the  vitamin  into  the 
system  is  “blocked.”  The  enzyme  is  thus  rendered  inactive,  and  the  bacteria  arc 
unable  to  multiply. 
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Second  World  War  which  resulted  in  the  isolation  of  the  anti¬ 
bacterial  principle  from  the  mold.  The  mold  had  previously 
been  identified  as  Penicillium  notatum;  the  active  principle 
was,  therefore,  called  penicillin.  Both  Fleming  and  Florey 
received  the  Nobel  Prize  in  1945. 

A  number  of  antibiotic  principles  have  since  then  been  iso¬ 
lated  from  various  molds  and  bacteria.  The  most  valuable  of 
these  agents  are  streptomycin,  aureomycin,  and  tyrothricin. 
Streptomycin  is  obtained  from  the  funguslike  bacteria,  Strep- 
tomyces;  it  is  active  against  the  tubercle  bacillus  and  a  number 
of  other  pathogenic  bacteria.  Aureomycin  is  furnished  by  an¬ 
other  species  of  Streptomyces;  it  is  active  against  some  virus  in¬ 
fections  and  several  types  of  bacteria.  Tyrothricin  is  derived 
from  a  bacterial  form  found  in  milk  and  soil;  it  is  especially 
valuable  for  local  application  in  staphylococcic  and  strepto¬ 
coccic  infections  of  the  skin.  Most  of  the  antibiotics  are  bac¬ 
teriostatic  in  their  action,  but  some  are  also  bacteriocidal. 
Others  are  active  against  pathogenic  fungi. 

Pathogenic  organisms  show  a  remarkable  adaptability  to  the 
action  of  various  agents  employed  against  them.  They  tend 
to  become  gradually  resistant  and  can  then  tolerate  larger  doses 
of  the  antibacterial  substance.  When  this  occurs,  the  physi¬ 
cian’s  strategy,  when  feasible,  is  to  attack  with  some  other  anti¬ 
bacterial  substance.  Another  person  may  become  infected 
with  the  resistant  bacteria.  When,  for  example,  infection  is 
derived  from  a  patient  with  tuberculosis  treated  with  strepto¬ 
mycin,  the  effectiveness  of  this  very  valuable  drug,  in  so  far  as 
the  second  infected  person  is  concerned,  is  very  greatly  reduced. 


Shoc\ 

Shock  is  a  term  which  has  been  given  to  a  number  of  different 
conditions  associated  with  a  state  of  prostration  or  collapse.  A 
variety  of  qualifying  words  is  used  to  distinguish  the  several, 
often  unrelated,  states  to  which  the  term  shock  has  been  applied. 
Primary  or  nervous  shoc\,  secondary  or  traumatic  shoc\,  ana¬ 
phylactic  shoc\,  hemorrhagic  shock,,  shell  shock,  spinal  shock, 
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and  insulin  shock,  are  a  partial  list  of  such  states.  Two  severe 
types  of  shock  —  secondary  or  traumatic  shock  and  anaphylac- 

tie  shock  —  will  be  described.  , 

Secondary  or  traumatic  shock.  Immediately  following  a 
severe  wound  the  subject  is  weak  and  feels  faint^  and  may  pass 
into  a  state  of  collapse  as  a  result  of  pain,  fright,  apprehension 
or  other  emotion.  This  state  immediately  following  an  injury 
is  known  as  primary  or  nervous  shoc\.  It  is  of  comparatively 
small  physiological  interest  and  does  not  end  fatally  in  a  pre¬ 
viously  healthy  person.  If  the  wound  is  of  moderate  severity 
the  subject’s  condition  improves  after  a  period  of  rest  and  ap¬ 
propriate  treatment.  If,  on  the  other  hand,  the  injury  is  very 
severe  —  especially  if  much  blood  has  been  lost  —  the  wounded 
person  gradually  sinks  into  a  condition  of  great  weakness  wkh 
falling  blood  pressure.  This  state  of  extreme  prostration  which 
becomes  most  profound  in  from  3  to  5  hours  following  the  in¬ 
jury  is  known  as  secondary  or  traumatic  shock.  It  is  also 
known  as  deferred,  wound,  or  surgical  shock.  The  chief  fea¬ 
tures  of  traumatic  shock  are  associated  with  failure  of  the  pe¬ 
ripheral  circulation  —  very  low  blood  pressure,  constriction  of 
the  arterioles  with  dilatation  of  the  capillaries.  There  is  usu¬ 
ally  also  a  loss  of  plasma  from  the  circulation  into  the  tissues, 
with  a  resulting  concentration  of  the  blood  in  red  cells,  and  a 
reduction  of  the  total  volume  of  blood  in  the  circulation.  The 
patient  usually  remains  conscious  but  is  extremely  weak  and 
listless,  with  a  cold  clammy  skin  and  a  thin  faint  pulse.  Shock 
has  been  the  subject  of  intensive  research,  especially  during  the 
two  World  Wars,  but  the  underlying  cause  leading  to  its  devel¬ 
opment  has  not  been  entirely  revealed.  Many  believe  that  it 
is  due  simply  to  a  reduction  in  blood  volume,  either  as  a  result 
of  the  loss  of  plasma  into  the  tissues  at  the  site  of  the  injury  or 
to  hemorrhage:  Others  maintain  that  some  other  factor  as  well 
is  concerned,  which  is  responsible  for  the  profound  fall  in  blood 
pressure. 

The  only  treatment  which  is  of  any  avail  in  shock  is  the 
transfusion  of  plasma  or  of  blood,  but  all  too  frequently  even 
this  fails  to  save  the  patient. 
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Anaphylaxis,  anaphylactic  shock.  If  an  animal  is  given  an 
injection  of  a  foreign  protein,  such  as,  serum  albumin  of  an¬ 
other  species,  and  after  a  period  of  lo  days  or  more  is  given  a 
second  injection  of  the  same  protein,  a  sudden  and  great  fall  in 
the  injected  animal’s  blood  pressure  occurs.  Death  usually  oc¬ 
curs  within  a  few  minutes.  The  first  injection  of  protein  is 
said  to  “  sensitize  ”  the  animal  to  the  second  injection  which 
may  be  only  a  very  minute  quantity.  The  foreign  protein  acts 
as  an  antigen  (sometimes  called  specifically  the  anaphylacto- 
gen)  causing  the  body  cells  to  produce  an  antibody  (p.  235), 
in  the  interval  between  the  two  injections,  which  reacts  in  some 
way  with  the  second  dose  of  protein.  The  precise  nature  of 
this  antigen-antibody  reaction  and  its  relation  to  anaphylactic 
shock  are  not  altogether  clear,  but  it  is  generally  believed  that 
it  is  associated  with  the  liberation  of  histamine  (an  amine  de¬ 
rived  by  the  loss  of  carbon  dioxide  from  the  amino-acid  his¬ 
tidine)  and  that  this  amine  or  a  closely  similar  substance  is 
responsible  for  the  effects.  The  anaphylactic  reaction  shows 
pronounced  species  differences  with  respect  to  the  tissues  upon 
which  the  effects  are  manifested.  In  the  dog,  for  example,  the 
chief  anaphylactic  effects,  apart  from  the  fall  in  blood  pressure, 
are  upon  the  liver  and  alimentary  tract;  there  are  vomiting, 
diarrhea,  and  engorgement  of  the  vessels  of  the  liver,  stomach, 
and  intestines.  In  the  guinea  pig,  spasm  of  the  smooth  muscle 
of  the  bronchioles  occurs,  and  the  animal  dies  in  asphyxia.  The 
subcutaneous  injection  of  antigen  into  a  rabbit  causes  a  severe 
tissue  reaction  at  the  site  of  the  injection  where  an  abscess  forms 
and  death  of  tissue  ultimately  occurs.  If  this  animal  receives  the 
second  dose  of  protein  intravenously,  circulatory  failure  results 
and  the  animal  passes  into  a  state  resembling  traumatic  shock. 
Most  of  the  effects  enumerated,  as  well  as  the  species  differences, 
can  be  induced  by  injections  of  histamine,  which  strengthens 
^e  belief,  though  does  not  absolutely  prove,  that  histamine 
liberation  is  the  cause  of  the  anaphylactic  manifestations.  His- 
tanaine  can  be  extracted  from  normal  tissues,  but  it  exists  appar- 
innocuous  form.  Large  amounts  are  found  in 
the  blood  of  the  dog  when  anaphylactic  shock  supervenes  and 
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in  the  blood  and  lungs  of  the  guinea  pig.  The  mechanism 
which  causes  the  liberation  or  accumulation  of  histamine  m 
these  tissues  in  anaphylactic  shock  is  unknown. 

In  man,  death  from  anaphylactic  shock  has  occurred  on  sev¬ 
eral  occasions  as  a  result  of  the  injection  of  foreign  serum 
(horse  or  bovine)  for  therapeutic  purposes,  as  in  the  treatinent 
of  diphtheria  or  tetanus,  the  patient  having  been  sensitized  at 
some  time  previously.  Milder  reactions  of  an  anaphylactoid 
nature,  such  as  skin  rashes,  vomiting,  or  circulatory  disturb¬ 
ances,  are  not  very  uncommon  following  the  injection  of  for¬ 
eign  serum  and  are  spoken  of  as  serum  sickness. 

Allergic  conditions,  such  as,  hay  fever  (from  the  inhalation  of 
pollen  dust),  gastrointestinal  upsets,  rashes,  etc.,  caused  by  eat¬ 
ing  certain  foods  by  susceptible  persons  are  anaphylactoid  in 
nature.  Essentially  similar  mechanisms  are  involved. 


Chapter  6 

RESPIRATION 


All  living  things,  with  a  few  exceptions,  absorb  oxygen.  The 
oxygen  combines  with  the  carbon  and  hydrogen  furnished  by 
food  material  Carbon  dioxide  (CO2)  and  water  (H3O)  are 
produced.  These  oxidations  take  place  in  the  cells  of  the  tis¬ 
sues;  they  generate  heat  and  furnish  the  organism  with  energy 
for  the  performance  of  work  (see  Chapter  9).  The  carbon 
dioxide,  so  formed,  is  eliminated;  the  oxidation  of  the  hydro¬ 


gen  constitutes  an  important  source  of  body  water  (the  water 
of  metabolism).  The  exchange  of  gases  (O^  and  CO2)  be¬ 
tween  an  organism  and  its  environment  is  termed  respiration. 

In  unicellular  organisms  and  many  multicellular  forms  of 
lower  orders,  the  gaseous  exchange  takes  place  directly  betvveen 
the  cells  and  their  surroundings  (see  Fig.  6-1 ) .  Higher  forms 

246 


STRUCTURE  OF  THE  RESPIRATORY  ORGANS  249 

the  trachea  or  windpipe.  It  contains  the  vocal  cords,  and  will 

be  described  more  fully  later.  _ 

The  trachea  and  bronchi.  The  human  trachea  is  a  tube 
about  I  inch  in  diameter  and  4  inches  long,  extending  from 
the  larynx  to  a  little  below  the  upper  boundary  of  the  chest; 


Fig.  6-4  Sliowing  tr5.chea  and  bronclii.  Portion  of  the  lung  tissue  re¬ 
moved  to  show  branchings  of  the  bronchial  tree. 


here  it  divides  into  two  branches  —  the  right  and  Icjt  bronchi. 
Each  bronchus  enters  the  corresponding  lung  and  divides,  like 
the  limbs  of  a  tree,  into  a  number  of  smaller  branches.  The 
larger  of  these  are  also  called  bronchi,  but  the  finer  terminal 
twigs  are  referred  to  as  bronchioles.  It  is,  of  course,  imperative 
that  this  important  airway  be  always  kept  open.  The  patency 
of  the  trachea  is  ensured  by'  the  presence  of  a  series  of  C'shaped 
rings  of  cartilage  which  support  its  wall  in  front  and  at  the 
sides.  The  gaps  in  the  cartilages  posteriorly,  as  well  as  the  in¬ 
tervals  between  them,  are  bridged  by  a  strong  fibroelastic  menv 
brane.  The  trachea  is  Im^d  by  ciliated  columnar  epithelial^ 


g 


•  -^250  RESPIRATION 

*  Jceils^  The  walls  of  the  two  main  bronchi  are  constructed  upon 
a  plan  almost  identical  with  that  of  the  trachea,  but  the  car¬ 
tilage  in  the  walls  of  the  smaller  bronchi  is  in  the  form  of  thin 
isolated  and  irregular  plates  which  become  smaller  and  fewer 
in  number  with  each  successive  branching  of  the  bronchial 
nee. 


The  bronchioles  are  about  i  mm.  or  less  in  diameter.  Their 
walls  are  composed  of  smooth  muscle  lined  by  mucous  mem¬ 
brane  of  the  same  character  as  that  fining  the  trachea  and 
bronchi  except  that  goblet  cells  are  absent.  Cartilage  is  entirely 
lacking.  The  muscle  fibers  of  the  bronchioles  are  arranged 
circularly.  Their  contraction,  therefore,  causes  narrowing  of 
the  bronchiolar  lumen.  In  asthmatic^  attacks  jn  a  rked  hrnn- 
chiglar^constriction  occurs,  and  is~respdHsigirfor  the  respSa:^ 
^^g'!^jjg^g!~cKafacteristiF3r5ii^^  The  muscle  of 

the^  bronchioles  receives  its  nerve  supply  from  both  the  vagus 
pd  the  sympathetic;  the  former  is  constrictor,  the  latter  dilator 
in  acuon.  The  bronchiolar  muscle  is  also  relaxed  by  adrenaline 
and  ephedrine.  _  ~  - - — — 
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The  lungs.  The  left  lung  is  divided  by  a  fissure  into  two 
lobes,  an  upper  and  a  lower  (see  Fig.  6-5).  Two  fissures  divide 
the  right  lung  into  three  lobes.  The  bronchi  and  bronchioles 
possess  no  truly  respiratory  function;  no  interchange  of  gases 


Fig.  6-6  Diagrammatic  represeotadon  of  a  respira¬ 
tory  unit.  A.D,  alveolar  ducts;  A.S,  air  sacs;  P.A, 
pulmonary  alveoli;  R,  respiratory  bronciiiole;  T,  ter¬ 
minal  bronchiole  (muscular  wall).  Note  the  capil¬ 
laries  filled  with  red  cells  surrounding  the  alveoli. 


can  occur  across  their  relatively  thick  walls.  They  serve  merely 
as  airways. 

The  lung  tissue  proper  consists  of  an  immense  number  of 
irregularly  shaped  air  spaces.  The  terminal  twigs  of  the  bron¬ 
chial  tree  {terminal  bronchioles^  open  each  into  one  oi  these 
air  spaces.  One  of  the  latter  with  its  several  named  parts  — 
respiratory  bronchiole ,  alveolar  ducts j  alveolar  sacs,  and  p^l’" 
monary  alveoli  — h  illustrated  diagrammatically  in  Figure  6-6. 
The  pulmonary  alveoli  are  seen  as  from  4  to  6  outpouchings  of 
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the  cavity  of  each  alveolar  sac.  A  single  layer  of  flat  cells  and 
a  network  of  fine  elastic  fibers  compose  their  walls;  a  rich  net¬ 
work  of  blood  capillaries  surrounds  them.  Moreover,  accord¬ 
ing  to  most  observers,  the  wails  of  the  alveoli  are  incomplete 
and  show  numerous  gaps.  In  many  places,  therefore,  the  cap¬ 
illary  wall  alone  separates  the  blood  from  the  alveolar  air. 
Thus  the  blood  as  it  flows  through  the  lungs  is  separated  from 
the  air  in  the  alveoli  by,  at  the  most,  two  membranes  —  the 
alveolar  and  capillary  walls  —  so  extremely  thin  that  little  hin¬ 
drance  is  offered  to  the  free  exchange  of  the  respiratory  gases. 
The  number  of  pulmonary  alveoli  in  both  lungs  has  been  esti¬ 
mated  to  be  about  750,000,000. 


T he  Mechanics  of  Respiration 

The  chest  or  thorax  is  a  closed  cavity,  bounded  laterally  and 
behind  by  the  ribs  and  the  vertebral  column,  in  front  by  the 
ribs  and  sternum  (breastbone),  below  by  a  dome-shaped  sheet 
of  muscle  (the  diaphragm),  which  separates  it  from  the  ab¬ 
dominal  cavity,  and  above  by  the  upper  ribs  and  the  tissues  of 
the  neck.  The  lungs,  heart,  and  great  blood  vessels  almost 
completely  fill  the  thorax. 

The  lungs  are  covered  by  a  thin  membrane  called  the  pleura, 
which  passes  from  each  lung  at  its  root  (i.e.,  at  the  point  where 
the  main  bronchus  and  pulmonary  vessels  enter  it)  on  to  the 
interior  of  the  chest-wall  and  upper  surface  of  the  diaphragm. 
Thus,  two  membranous  sacs,  called  the  pleural  cavities,  2iXe 
produced,  one  on  each  side  of  the  chest,  between  the  lungs  and 
the  thoracic  boundaries.  Since  the  pleura  covering  the  lung 
and  that  lining  the  chest  are  in  contact  under  all  conditions  of 
health,  no  actual  space  exists;  these  so-called  cavities  are  po¬ 
tential  ones  only.  In  disease,  however,  air,  fluid,  or  blood  may 
collect  and  separate  the  pleural  layers  to  produce  an  actual 
space. 

The  part  of  the  pleural  membrane  lining  the  thoracic  wall  is 
called  the  parietal  pleura  (L.  paries,  gen.  parietis,  a  wall), 
while  that  portion  covering  and  firmly  adherent  to  the.sur- 
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face  of  the  lungs  themselves  is  called  the  pulmonary  or  mscerd 
pleura.  Inflammation  of  the  pleura  is  called  pleurisy  The  m- 
flammatory  process  may  cause  the  production  of  little  or  no 
fluid  — iry  pleurisy  — Qi  may  be  accompanied  by  the  exuda¬ 
tion  of  a  considerable  amount  of  clear  Mid  — pleurisy  until 
effusion.  If  the  fluid  becomes  purulent,  the  condition  is  called 

empyema.  .  .  ,  u 

The  central  part  of  the  thoracic  cavity  lying  between  me 
lungs  and  bounded  in  front  by  the  sternum  and  behind  by  the 
vertebral  column,  is  known  as  the  mediastinum.  It  consists  of 
three  portions,  the  anterior,  middle,  and  posterior  mediastina. 
The  middle  compartment  contains  the  heart,  enclosed  in  the 
pericardium,  and  me  commencement  of  the  aorta.  The  divi¬ 
sion  of  the  trachea  into  the  right  and  left  bronchi  is  contained 
in  the  posterior  mediastinum.  The  anterior  mediastinum  is 
almost  obliterated  by  me  approximation  of  me  two  pleural 
sacs. 

The  intrapleural  pressure.  The  pressure  between  the  layers 
of  the  pleura  {intrapleural  pressure)  and  indeed  throughout 
the  morax  generally  {intrathoracic  pressure)  is  below  that  of 
the  atmosphere.  This  sub-atmospheric  or  so-called  negative 
pressure  is  due  to  the  elasticity  of  the  lungs.  Before  birth  the 
lungs  are  airless,  me  air  sacs  are  of  small  size  and  contain  a 
little  fluid.  The  moracic  cavity  is  filled  by  the  almost  solid 
lungs,  me  heart  and  great  vessels.  The  pressures  within  the 
pleural  cavities  and  in  the  interior  of  the  lungs  are  equal.  With 
the  first  breath  after  birm,  the  morax  is  expanded  in  all  its  di¬ 
ameters.  This  reduces  the  pressure  wimin  the  thorax  —  that  is, 
on  the  pleural  aspects  of  the  lungs  —  and  tends  to  reduce  the 
pressure  wimin  the  air-sacs  {intrapulmonary  pressure).  The 
air-sacs,  however,  are  in  communication  with  the  outside  air 
through  the  air  passages.  Atmospheric  air,  therefore,  enters 
the  lungs  to  equalize  the  pressure,  and,  were  the  lung  tissue 
inelastic,  equalization  of  pressure  between  the  atmosphere 
and  me  pleural  cavities  would  also  result.  But  the  bron¬ 
chial  tree  and  the  lung  substance  itself  are  richly  supplied  with 
elastic  tissue.  When  me  lungs  expand  and  fill  the  enlarged 
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thoracic  cavity  the  elastic  tissue  is  put  upon  the  stretch.  The 
lunss  in  postnatal  life  are,  therefore,  constantly  under  tension 
and  tending  to  recoil  to  their  origbal  dimensions.  This  pull 
of  the  elastic  lungs  aw'ay  from  the  thoracic  walls,  thoughut  can¬ 
not  separate  the  layers  of  the  pleura,  creates  a  “  negative  pres- 

sure.  .  ,  . 

Throughout  life  the  intrapleural  pressure  undergoes  rhyth¬ 
mical  variations  with  the  respiratory  movements  as  a  result 
of  changes  in  the  thoracic  dimensions,  and  the  consequent  va¬ 
riations  in  the  degree  of  stretching  to  which  the  lungs  are  sub¬ 
jected  (see  Fig.  6-7).  The  intrapleural  (or  intrathoracic)  pres- 


A  B 


Fig.  6-7  Tracing  from  X-ray  photograph  demon¬ 
strating  the  elasticity  of  the  bronchial  tree.  A,  full 
expiration;  B,  full  inspiration. 


sure  is  around  — 6'  mm.  Hg  during  inspiration  and  —2.5  mm. 
during  expiration.  The  importance  of  the  subatmospheric  pres¬ 
sure  within,  the  thorax  in  aiding  the  return  of  venous  blood  to 
the  heart  has  been  pointed  out  (p.  162). 

The  respiratory  movements  —  the  intake  and  expulsion  of 
ak.  The  drawing  of  air  into  the  lungs  is  called  inspiration ^  and 
its  expulsion  expiration.  The  capacity  of  the  thorax  is  en¬ 
larged  during  mspiration  and  reduced  during  expiration. 
These  two  movements  alternate  rhythmically  at  a  frequency,  in 
the  adult,  of  from  18  to  20  per  minute.  The  rate  is  more  rapid 
in  infants  and  young  children. 


MECHANICS  OF  RESPIRATION  255 

At  the  end  of  expiration  the  pressure  of  air  within  the  lungs 
(intrapulmonary  pressure)  equals  or  nearly  equals  the  atmos¬ 
pheric  pressure.  The  inspiratory  movement,  as  mentioned 
above,  reduces  the  pressure  upon  the  pleural  surfaces  of  the 
luna.  The  air  sacs  are  dilated  thereby  and  the  air  within  them 
is  rarefied,  i.e.,  reduced  below  that  of  the  atmosphere.  Air, 


therefore,  flows  into  the  lungs  until  the  intrapulmonary  pres¬ 
sure  again  almost  equals  that  of  the  atmosphere.  During  ex¬ 
piration  the  intrapleural  pressure  is  increased,  the  air  sacs  return 
to  their  previous  dimensions,  and  the  intrapulmonary  pressure 
rises  above  that  of  the  atmosphere;  air  is  therefore  expelled 
from  the  lungs. 

It  should  be  emphasized  that  the  lungs  play  a.  purely  passive 
role  in  the  respiratory  movements.  The  changes  in  volume 
which  they  undergo,  and  to  which  the  intake  and  expulsion  of 
air  are  directly  due,  are  brought  about  solely  through  changes 
in  the  capacity  of  the  thoracic  cavity.  The  inspiratory  and  ex¬ 
piratory  movements  of  the  thorax  may  be  compared  to  the 
opening  and  closing  of  a  fire  bellows.  A  pair  of  bellows, 
which  may  be  taken  to  represent  the  thorax,  is  shown  in  Fig. 
6-8.  Two  elastic  bags,  contained  within  it  and  communicating 
with  the  outside  air  through  the  nozzle,  correspond  to  the 
lungs  and  air  passages.,  The  space  surrounding  the  bags  is  her¬ 
metically  sealed  and  corresponds  to  the  pleural  cavities.  Open¬ 
ing  the  bellows  (“  inspiration  ”)  causes  the  bags  to  expand  and 
fill  with  air;  closure  of  the  bellows  (“  expiration  ”)  to  the  stop 
S  causes  their  partial  deflation. 
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Having  outlined  tlie  general  principles  underlying  the  ven¬ 
tilation  of  the  lungs,  the  muscular  mechanisms  whereby  the 
changes  in  thoracic  capacity  are  brought  about  will  now  be 
described. 

The  enlargement  of  the  thorax  during  inspiration.  All  di¬ 
ameters  —  vertical,  antero-posterior,  and  transverse  —  are  in¬ 
creased  during  the  inspiratory  phase.  Increase  in  the  vertical 
diameter  of  the  thorax  is  brought  about  by  the  descent  of  the 
diaphragm.  This  is  a  tendo-muscular  sheet  which  separates 
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Fig.  6-9  Showing  posi¬ 
tion  of  the  diaphragm  at 
the  end  of  a  full  inspira¬ 
tion  and  a  full  expiration, 
respectively. 


the  thorax  from  the  abdominal  cavity.  The  muscle  fibers  arise 
from  the  spinal  column  and  lower  ribs  and,  arching  upward 
and  inward,  are  inserted  into  a  central  leaf-shaped  tendon. 
This  tendon  forms  the  highest  part  or  dome  of  the  diaphragm 
and  is  called  the  central  tendon  of  the  diaphragm  (Fig.  6-9). 
The  central  tendon  of  the  diaphragm  blends  with  the  under 
surface  of  the  pericardium;  on  either  side  of  the  pericardium 
the  diaphragm  is  in  contact  with  the  bases  of  the  lungs.  When 
the  muscular  fibers  of  the  diaphragm  contract,  the  structure 
shows  little  change  in  shape,  but  is  seen  under  the  X-rays  to 
move  downward  as  a  whole  very  much  like  the  stroke  of  a 
piston  (Fig.  6^).  The  diaphragm  is  the  most  important  mus¬ 
cle  of  respiration,  about  60  -per  cent  of  the  volume  of  the' air 
respired  being  due  to  its  action. 

The  thorax  is  enlarged  in  its  antero-posterior  diameter  by  the 
movement  into  a  more  horizontal  position,  of  the  third,  fourth, 
fifth,  and  sixth  pairs  .of  ribs,  which  slope  obliquely  downward 
and  forward  (Fig.  6-10  A  and  B).  This  movement  is  brought 
about  by  the  contraction  of  the  external  intercostaT  muscles. 
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The  fibers  of  the  latter  take  a  slanting  direction  across  inter- 
costal  space  from  the  lower  border  of 

forward  to  the  upper  border  of  the  next  rib  below.  When  the 
external  intercostal  muscles  contract,  the  anterior  ends  of  the 
four  pairs  of  ribs  are  elevated  and  the  sternum  thrust  forward 


Fig.  6-10  A,  fourth  and  fifth  ribs  and  section  of  sternum,  i,  external 
intercostal  muscles;  2,  internal  intercostals;  B,  diagram  illustrating  the 
action  of  the  external  intercostals.  C,  showing  axis  of  rotation  of  ribs 
in  bucket-handle  movement. 


and  upward.  Any  downward  pull  exerted  by  the  contracting 
fibers  upon  the  upper  of  two  adjacent  ribs  is  antagonized  by 
the  pull  of  certain  muscles  of  the  neck  {scalenus  muscles^  act¬ 
ing  upon  the  ribs  from  above. 

The  part  of  the  thorax  bounded  by  the  seventh,  eighth,  ninth, 
and  tenth  ribs  is  increased  in  its  transverse  diameter  by  rotation 
of  these  ribs  around  an  axis  directed  from  the  sternum  ob¬ 
liquely  backward  and  a  little  outward  (Fig.  6-10,  C).  These 
ribs  are  bowed  outward  and  downward,  and  their  movement 
during  inspiration  has  been  compared  to  raising  a  bucket  han- 
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die  from  its  position  of  rest  toward  the  horizontal  plane 
(Fig.  6-11). 

Expiration  is  effected  mainly  in  a  passive  manner  in  quiet 
normal  breathing.  At  the  end  of  the  inspiratory  phase  the 
external  intercostal  muscles  and  the  diaphragm  relax.  The 
walls  of  the  thorax,  by  virtue  of  their  own  weight  and  their 
inherent  elasticity,  together  with  the  pull  exerted  by  the  recoil 
of  the  elastic  lungs  and  bronchi  (see  Fig.  6-6),  return  to  their 


original  (pre-inspiratory)  position.  The  relaxed  diaphragm 
ascends  and  is  drawn  up  by  the  “  negative  ”  intrathoracic  pres¬ 
sure  and  also  by  the  elastic  recoil  of  the  lungs. 

Accessory  muscles  of  respiration.  In  forced  or  diflScult 
breathing  certain  muscles  come  into  play  to  facilitate  the  respir¬ 
atory  movements;  in  inspiration  the  nostrils  and  the  opening 
between  the  vocal  cords  (glottis)  are  enlarged  by  muscular  ac¬ 
tion,  thus  permitting  a  freer  entrance  of  air  into  the  lungs.  The 
muscles  of  the  neck  {anterior  and  middle  scalenus  muscles  and 
the  sternomastoid)  contract  and  raise  the  first  rib,  lifting  the 
sternum  upward  and  forward,  and  increasing  the  inspiratory 
movement  of  the  succeeding  ribs.  Thus  the  capacity  of  the 
thorax  is  materially  increased.  During  a  forced  or  difficult 
expiration  the  abdominal  muscles  contract  and,  increasing  the 
intra-abdominal  pressure,  aid  in  the  ascent  of  the  diaphragm. 
The  internal  intercostal  muscles  exert  a  weak  expiratory  action ; 
Aeir  fibers  run  in  a  direction  the  reverse  of  that  of  the  external 
intercostals;  their  contraction  depresses  the  ribs.  Thus,  expira¬ 
tion  becomes  a  more  active  movement  than  normal. 
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Artificial  Respiration 

The  tissues  cannot  survive  for  long  without  ^ 

trai  nervous  system  is  especially  susceptible  to  oxygen  deprwa- 
tion,  irreparable  damage  resulting  if  the  oxygen  ^  ^ 

pletdv  cut  off  for  5  minutes  or  so  (e.g.,  by  occlus-n  of  h 
Wood' vessels).  When  the  respirations  are  suspended,  as  in 
apparently  drowned,  in  asphyxiation  with  poisonous  g^ses  (e  g., 
cLLn  monoxide),  or  as  a  result  of  a  strong  electric  shock  the 
tissues  suffer  less  acutely  from  oxygen  lack  than  when  the  bio 
supply  is  abruptly  arrested,  for  in  such  conditions  a  considja- 
bldtime  mav  elapse  before  the  oxygen  store  of  the  blood  is 
completely  exhausted.  During  this  time,  the  tissues,  though  re¬ 
ceiving  a  very  limited  amount  of  oxygen,  receive  enough  to  sus¬ 
tain  their  vitality.  So  long  as  the  heart  continues  to  beat,  the 
blood,  of  course,  is  circulating  through  the  lungs,  but  since  the 
lungs  are  no  longer  being  ventilated  by  the  respiratory  move¬ 
ments  oxygenation  of  the  hemoglobin  cannot  occur.  It  is  there¬ 
fore  imperative  that  artificial  respiration  be  instituted  before  the 
heart  muscle  fails  from  lack  of  oxygen.  Obviously,  artificial 
respiration  is  useless  after  the  blood  has  ceased  to  circukte. 

The  object  of  artificial  respiration  is  to  ventilate  the  air  spaces 
of  the  lungs  with  fresh  air.  In  most  methods  in  use,  this  is  ef¬ 
fected,  as  in  normal  respiration,  by  causing  rhythmical  altera¬ 
tions  in  the  dimensions  of  the  thoracic  cavity.  Three  methods 
will  be  described,  namely,  Schafer’s,  which  requires  no  special 
apparatus.  Eve’s  rocking  method,  and  Drinker  s,  in  which  the 
subject,  except  for  his  head,  is  enclosed  in  a  chamber. 

Schafer’s  prone  pressure  method.  The  subject  is  placed  in 
the  prone  position  (i.e.,  lying  with  abdomen  and  chest  down¬ 
ward).  The  head  is  turned  to  one  side  and  laid  upon  the  arm 
of  the  opposite  side,  which  is  bent  at  the  elbow  to  form  a  suita¬ 
ble  support.  The  other  arm  is  fully  extended  in  front  of  the 
face  (see  Fig.  6-12).  The  operator  kneels  astride  the  thighs  of 
the  subject  and  swings  forward  and  backward  with  arms  held 
rigid  in  a  position  of  slight  flexion  at  the  elbows.  With  each 
forward  movement  the  operator  s  hands  come  in  contact  with. 
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and  compress  the  lower  part  of  the  subject’s  thorax.  With  each 
backward  movement  the  operator’s  hands  are  raised  from  the 
thorax  which  recoils  to  its  resting  position.  Thus  air,  which 
had  been  expelled  in  the  first  movement,  is  replaced  by  in- 


Fig.  6-12  Schafer’s  prone  pressure  method  of  artificial  respiration  (see 
text).  A,  expiration.  B,  inspiration.  (After  Drinker.) 

spired  air.  The  operator  makes  about  i6  double  movements 

per  minute. 

Eve’s  rocking  method.  This  method,  invented  by  Dr.  Eve, 
an  English  physician,  makes  use  of  the  weight  of  the  abdominal 
viscera  to  lower  and  raise  the  diaphragm  in  imitation  of  its 
normal  mspiratory  and  expiratory  movements.  The  subject  is 
placed  prone  upon  a  stretcher  or  board  which  is  balanced  in 
the  center  upon  a  trestle  or  other  support  and  rocked  around  his 
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transverse  axis.  Each  tilt  of  the  body,  either  in  the  head  down 
or  feet  down  position,  is  to  an  angle  of  from  45  to  50  degrees 
with  the  horizontal.  In  the  feet  down  position  the  abdominal 
viscera  drag  the  diaphragm  down;  in  the  head  down  position 
the  diaphragm  is  pushed  up.  Ten  double  movements  are  made 
per  minute. 


Fig.  6-13  Drinker’s  mechanical  “  iron  lung  ”  method  ^  of  artificial 
respiration,  i,  pumps;  2,  motor  for  rhythmically  alternating  the  pres¬ 
sure  within  the  chamber;  3,  vents;  4,  alternate;  5,  valve;  6,  manometers; 
7,  external  shutters;  8,  adjustment  for  head  rest;  9,  adjustable  ring  to 
hold  collar  in  place.  (After  Shaw  and  Drinker.) 


Artificial  respiration  should  be  continued  until  natural  breath- 
ing  returns  or  until  a  physician  has  examined  the  patient  and 
pronounced  him  dead.  Before  artificial  respiration  has  been 
started  all  possible  obstructions  to  the  entrance  of  air  into  the 
air  passages  should  be  quickly  removed:  mucus  or  water  should 
be  •  cleared  from  the  throat,  and  all  clothing  about  the  neck, 
chest,  or  abdomen  loosened. 

The  Drinker  mechanical  method*  This  method  is  used  when 
artificial  respiration  must  be  carried  out  for  long  periods 
days,  weeks,  or  even  months  —  owing  to  paralysis  of  the  respira¬ 
tory  muscles.  Such  an  emergency  is  most  likely  to  arise  as  a 
result  of  infantile  paralysis  ■  (anterior  poliomyelitis).  The  pa¬ 
tient  lies  upon  a  bed  within  a  hermetically  closed  steel  cabinet, 
only  his  head  appearing  outside  the  apparatus_.  A  flexible  col¬ 
lar  is  fitted  around  his  neck,  so  as  to  prevent  the  leakage  of  air 
(Fig.  6-13).  A  motor-driven  pump  causes  alternate  variations 
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in  the  air  pressure  within  the  chamber.  Reduction  in  air  pres¬ 
sure  from  3  to  4  mm.  below'  that  of  the  atmosphere  causes  ex¬ 
pansion  of  the  chest  (inspiration).  The  next  moment  the 
pressure  within  the  chamber  becomes  atmospheric,  the  chest 
returns  to  the  resting  position,  and  expiration  occurs.  Portholes 
for  tending  the  patient  are  provided  in  the  walls  of  the  appara¬ 
tus.  The  patient  is  kept  continuously  in  the  chamber  until 
respiratory  muscles  which  have  not  been  paralyzed,  or  un¬ 
paralyzed  fibers  within  the  affected  muscles  (e.g.,  diaphragm 
or  intercostals),  have  developed  sufficient  strength  to  carry  emt, 
unaided,  the  movements  required  for  adequate  ventilation  of 
the  lungs. 

A  rocking  bed,  operated  by  a  motor,  has  been  recently  de¬ 
signed  to  carry  out  artificial  respiration  by  the  Eve  method 
over  long  periods.  It  is  claimed  to  induce  better  ventilation  of 
the  lungs  than  the  Drinker  method. 

In  cases  of  apparent  drowming  or  gas  poisoning  it  is'  usually 
of  great  benefit  to  add  oxygen  to  the  inspired  air.  Carbon  di¬ 
oxide  in  a  concentration  of  about  7  per  cent  is  also  frequently 
employed,  the  object  being  to  stimulate  the  respiratory  center 
(p.  276)  and  bring  on  natural  breathing.  Oxygen  and  carbon 
dioxide  are  also  used  in  patients  suffering  from  pneumonia  and 

j  though  the  patient  is  able  to  breathe, 

the  blood  is  being  imperfectly  oxygenated,  the  gases  beina 
passed  into  a  tent  covering  the  patient’s  head  and  trunk. 


The  Subdivisions  of  the  Lung  Air 

Only  about  *  of  the  total  air  capacity  of  the  lungs  is  inspired 

to  alSrf  f  fhis,  which  amounts 

maximum^X  a’  inspiration  of 

K  •  k  I  j  -II  ’  times  this  amount,  namely,  3000  cc  can 
mha  ed.  This  is  termed  the  complemental  Jr.  ^If  one  emp¬ 
ties  his  lungs  as  completely  as  possible  (forced  expiration)  after 
_n  ordmap?  expiration,  about  1000  cc.  of  air  can  be  expelled 
from  the  lungs.  This  air,  which  can  be  expelled  by  an^extra 
effort,  IS  called  the  supplemental  or  rerewe  at.  The  lungs  can 
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not,  of  course,  be  emptied  completely  for  they  are  kept  in  t^he 
partially  expanded  state  by  the  subatmosphenc  pressure  within 
the  pleural  cavities.  Even  after  the  most  forcible  ^piration, 
from  1000  to  1500  cc.  of  air  remain  in  the  lungs.  This  larp 
volume  of  air  can  be  expelled  only  after  death  by  opening  the 
thoracic  cavity,  thus  establishing  communication  between  the 


Fig.  6-14  Diagram  showing  subdivisions  o£  the  lung  air.  (Modified 
from  Christie.) 


pleural  cavities  and  the  atmosphere;  it  is  called  the  residual  air 
(see  Table  5  and  Fig.  6-14).  But,  the  lungs,  after  the  chest  has 
been  opened,  or  even  after  they  have  been  removed  from  the 
body,  contain  air  entrapped  within  the  air  sacs.  This  part  of 
the  residual  air  is  termed  the  mtnimal  air.  To  it  the  lung  tissue 
owes  its  buoyancy  when  put  into  water.  The  lungs  of  a  still¬ 
born  child,  since  they  have  not  been  expanded  by  breathing  and 
contain  no  air,  sink  in  water.  This  fact  is  the  basis  of  an  im¬ 
portant  medico-legal  test  in  cases  of  suspected  infanticide,  by 
means  of  which  it  is  possible  to  determine  whether  or  not  an 
infant  had  been  born  alive. 
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The  maximum  quantity  of  air 
which  can  be  expired  after  the 
deepest  possible  inspiration  —  that 
is,  the  sum  of  the  complemental 
and  supplemental  airs,  is  called  the 
vital  capacity.  Athletes  and  other 
persons  in  good  physical  condition 
have,  in  general,  greater  vital  ca¬ 
pacities  than  those  of  the  same  size 
who  lead  a  sedentary  life  or  are  de¬ 
bilitated.  The  vital  capacity  is, 
therefore,  used  as  one  of  the  criteria 
of  physical  fitness.  In  health  it 
bears  a  relationship  to  the  surface 
area  of  the  body,  amounting  to 
2500  cc.  per  square  meter  of  body 
surface  for  the  average  man,  2000 
cc.  for  women  and  2800  cc.  for  ath¬ 
letes.  For  a  man  of  average  build 
(1.7  square  meters  of  body  surface) 
it  amounts,  therefore,  to  (1.7  X 
2500  =)  4250  cc.  Certain  diseases 
of  the  lungs,  chest,  and  heart  re- 


rig.  6-15  Spirometer.  A, 
gradoated  glass  be!!;  B, 
water;  mouthpiece;  g, 
counter  weight;  r,  pulley. 
(After  Reichert.) 


auce  me  vital  capacity  below  the 

normal  standard  for  the  individ- 


(After  Reichert)  The  vital  capacity  is  measured  by 

having  the  subject  inspire  fully,  and 
then  empty  his  lungs  as  completely  as  possible  into  an  instru¬ 
ment  called  a  spirometer  (see  Fig.  6-15). 

The  average  values  of  the  main  subdivisions  of  the  lung  air 

m  round  figures  arc  tabulated  in  Table  H  on  the  opposite 

page. 


The  dveolar  air  and  dead  space  air.  The  air  in  the  air  sacs 
that  IS,  the  air  in  contact  with  the  true  respiratory  part  of  the 
lungs -  IS  called  the  alveolar  air.  The  space  enclosed  by  the 
nonrespiratory  part  of  the  lungs,  namely,  the  bronchi  and  mus- 
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cular  bronchioles,  trachea,  larynx,  pharynx  and  nasal  cavities, 
is  called  the  dead  space;  it  has  a  capacity  of  about  150  cc.  The 
air  within  this  space  is  called  the  dead  space  air. 


TABLE  II 

Tidal  air  .  500  cc. 

Complemental  air  (which  includes  tidal  air)  3000  cc. 

Supplemental  (reserve)  air . 1000  cc. 

Vital  capacity  . 4000  cc. 

Residual  air  .  1200  cc. 

Total  lung  capacity  .  5200  cc. 


The  Chemistry  of  Respiration 

The  exchange  of  the  respiratory  gases  (oxygen  and  carbon  di¬ 
oxide)  between  the  blood  and  the  air  in  the  lungs,  and  between 
the  tissue  cells  and  the  blood,  follows  those  physical  laws  which 
govern  the  behavior  of  gases  in  general.  Some  space  will  be 
devoted,  therefore,  to  an  account  of  the  properties  of  gases. 

The  kinetic  theory.  The  behavior  of  a  gas  is  explained  upon 
the  theory  that  its  molecules  are  in  ceaseless  motion.  They 
move  at  high  velocity  and  if  unobstructed  in  any  way  become 
separated  from  one  another  by  immeasurably  great  distances. 
A  gas,  therefore,  is  capable  of  expanding  to  infinite  dimensions, 
its  molecular  concentration  diminishing  proportionately  as  it 
expands.  When  confined,  the  gas  molecules  strike  numberless 
blows  upon  the  walls  of  the  container.  The  pressure  exerted 
by  a  gas  is  attributed  to  this  ceaseless  molecular  bombardment. 
It  follows,  therefore,  that  the  greater  the  number  of  molecules 
within  a  given  space  (i.e.,  the  higher  their  concentration),  the 
higher  will  be  the  gas  pressure. 

If  two  samples  of  the  same  gas  but  of  different  molecular 
concentrations  be  brought  together,  rapid  and  even  distribution 
of  the  molecules  takes  place  between  the  two  samples,  with 
consequent  equalization  of  the  pressure  throughout  any  space 
in  which  the  gas  is  confined  (see  Fig.  6-16),  The  final  pressure 
has  a  value  somewhere  between  the  pressures  of  the  separate 
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samples.  Gas  molecules  are  therefore  said  to  mope  from  a 
point  of  higher  to  one  of  lower  pressure. 

When  two  dissimilar  gases  either  at  the  same  or  at  different 
pressures  are  brought  together,  each  behaves  as  though  it  were 
the  only  kind  present.  The  molecules  of  each  gas  become 
evenly  dispersed  throughout  the  space,  its  molecular  concen¬ 
tration  and,  in  consequence,  its  pressure  becoming- everywhere 


Fig.  6-i6  lilustratiog  the  diffusion  of  gases.  The  two  gas  storage 
cylinders  cootain  the  same  kind  of  gas  at  unequal  pressures.  In  the 
cylinder  on  the  left  the  gas  is  at  the  lower  pressure.  When  samples  of 
gas  from  each  cylinder  are  allowed  to  enter  the  glass  chamber  A,  the 
molecules,  as  indicated  by  the  small  circles,  intermingle  freely  and  be¬ 
come  evenly  distributed  (as  in  B)  with  consequent  equalization  of 
pressure  throughout. 

equal.  After  mixing,  the  molecular  concentrations  and,  there¬ 
fore,  the  pressures  of  the  two  gases  may  differ  widely  from  one 
another  for,  as  just  mentioned,  they  behave  quite  independ¬ 
ently  of  one  another,  their  final  concentrations  depending  upon 
the  original  concentrations  of  the  respective  samples.  In  order 
to  realize  the  speed  with  which  dispersion  of  the  molecules 
occurs,  one  has  only  to  recall  how  quickly  some  odorous  or  pun¬ 
gent  gas  permeates  the  atmosphere.  The  process  whereby  sam¬ 
ples  of  the  same  gas  at  different  pressures,  or  of  different  gases 
at  the  same  or  unequal  pressures  become  uniformly  mixed,  is 
called  di^usion. 

Though  the  molecular  movements  are  very  much  slower, 
liquids  and  solids  in  solution  behave  in  the  same  way.  For 
example,  a  basin  of  water  in  which  a  bottle  of  red  ink  is  opened 
carefully,  so  as  to  avoid  mechanical  mixing,  becomes,  after  a 
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time,  of  a  imiform  color  throughout.  Molecules  of  gases  also 
diffuse  into  liquids  which  are  in  contact  with  them  until  the  gas 
pressures  within  and  without  the  liquid  are  equal. 

The  properties  of  gases  are  stated  more  specifically  in  the 
following  laws. 

The  gas  laws.  Boyle’s  law.  The  temperature  remaining 
constant,  reduction  in  the  dimensions  of  the  space  in  which  a 
gas  is  confined  increases  the  pressure  of  the  gas  and  vice  versa. 
In  other  words,  at  constant  temperature  the  pressure  of  a  gas 
varies  inversely  with  its  volume  —  the  product  of  the  pressure 
and  the  volume  is  constant;  i.e.,  doubling  the  pressure  reduces 
the  volume  by  half. 

Charles’  (or  Gay-Lussac’s)  law.  For  each  rise  in  tempera¬ 
ture  of  1°  C.  a  gas  expands  by  ^  of  its  volume  at  0°  C.  pro¬ 
vided  that  the  pressure  is  kept  constant;  or,  its  volume  remain¬ 
ing  constant,  the  pressure  of  a  gas  increases  by  ^3  for  each 
degree  (Centigrade)  rise  in  temperature. 

Dalton’s  law  of  partial  pressures.  A  quantity  of  gas  when 
mixed  with  other  gases  exerts  the  same  pressure  as  it  would 
exert  were  the  other  gases  not  present.  The  total  pressure  of 
a  mixture  of  gases  is,  therefore,  the  sum  of  the  pressures  of  the 
individual  gases  in  the  mixture,  each  gas  exerting  a  pressure 
proportional  to  its  percentage  in  the  mixture.  For  example, 
the  atmosphere  (dry)  at  sea  level  has  a  pressure  of  760  mm. 
Hg;  it  contains  20.96  per  cent  of  oxygen.  The  pressure  exerted 
by  oxygen,  in  the  air  at  sea  level  is,  therefore, 

/- 

X  760  =  159.2  mm.  Hg, 

or  approximately  ^  the  pressure  of  the  atmosphere  at  sea  level. 

Henry  s  law  of  the  solution  of  gases.  The  temperature  re¬ 
maining  constant,  the  quantity  of  gas  which  goes  into  solution 
in  any  given  liquid  is  proportional  to  the  partial  pressure  of  the 
gas.  For  example,  water  when  exposed  to  the  atmosphere  ab¬ 
sorbs  the  constituent  gases  —  oxygen,  nitrogen  and  carbon  di¬ 
oxide  —  in  quantities  proportional  to  the  pressure  which  each 
exerts  in  the  air  mixture.  The  partial  pressure  or  tension  of 
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each  gas  in  the  water  will  be  the  same  as  its  partial  pressure  in 
the  atmosphere.  The  liquid  is  then  said  to  be  equilibrated 
with  the  gas. 

The  compositions  and  partial  pressures  of  the  gases  in  atmos¬ 
pheric,  expired,  and  alveolar  airs.  Atmospheric  air  contains 
20.96  volumes  per  cent  of  oxygen,  79.00  per  cent  of  nitrogen, 

TABLE  12 

Volumes  per  cent  of  gases  in  dry,  inspired,  expired 
and  alveolar  airs  (average  figures) 


Volumes  per  cent 


Inspired 
{atmospheric) 
air  j 

Expired 

air 

Alveolar 

air 

Oxygen . 

20.96 

16.3 

I4.2 

Carbon  dioxide . 

Nitrogen  (with  argon  and 
other  rare  gases  in  mi¬ 

0.04 

4.0 

5-5 

nute  quantities) . 

79.00 

79-7 

80.3 

Totals _ _ _ . . 

100.00 

100.0 

100.0 

and  0.04  per  cent  of  carbon  dioxide.  It  also  contains  minute 
amounts  of  argon  and  other  rare  gases.  The  approximate  par¬ 
tial  pressures  of  these  gases  in  the  atmosphere  (that  is,  in  in¬ 
spired  air)  are,  therefore,  159,  596,  and  0.30  mm.  Hg,  respec¬ 
tively.  In  expired  air  the  pressure  (tension)  of  oxygen  is  lower 
(since  its  percentage  is  lower)  and  that  of  carbon  dioxide  higher, 
than  in  inspired  (atmospheric)  air.  In  the  air  of  the  pulmonary 
alveoh  (aveolar  air)  the  oxygen  pressure  is  lower  again,  and 
the  carbon  dioxide  pressure  higher  (see  Tables  12  and  13, 
p.  269).  Thus,  the  pressure  of  oxygen  declines  from  inspired 
air  to  alveol^  air,  and  that  of  carbon  dioxide  from  alveolar  air 
to  inspired  air.  Nitrogen  is  an  inert  gas  so  far  as  respiration  is 
concerned  —  that  is,  it  is  neither  retained  in  the  body  (like 
oxygen)  nor  produced  (like  carbon  dioxide).  The  difference 
between  the  pressure  of  nitrogen  in  the  expired  and  alveolar 
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airs,  on  the  one  hand,  and  in  the  inspired  air,  on  the  other  (see 
Table  13),  is  due  simply  to  changes  in  the  pressures  of  the 
other  gases  and  to  the  water  vapor  added  to  the  ah  in  the  lungs, 
for  it  should  be  remembered  that  the  total  pressure  of  expired 
air  or  of  alveolar  air  must  be  the  same  as  that  of  the  atmosphere. 
The  partial  pressure  of  water  vapor  in  the  ah  of  the  lungs 

TABLE  13 

Partial  pressures  of  gases  in  inspired,  expired  and 
alveolar  airs  (average  figures).  Barometer 
reading  760  mm.  Hg. 


Oxygen . 

Carbon  dioxide. 
Nitrogen. ..... 

Water  vapor. . . 

Totals . 


Partial  pressures 

Inspired 

Expired 

Alveolar 

air 

air 

air 

mm.  Hg 

mm.  Hg 

mm.  Hg 

158.2 

116.2 

lOI.O 

0.3 

28.5 

40.0 

596.5 

568.3 

572.0 

5.0 

47.0 

47.0 

760.0 

760.0 

760.0 

amoimts  to  about  47  mm.  Hg.  The  value  for  the  barometric 
pressure,  less  47,  must  therefore  be  used  in  calculating  the  par- 
tial  pressure  of  one  or  other  gas  in  the  expired  or  the  alveolar 
air  from  its  percentage.  For  example,  if  the  expired  air  con¬ 
tains  16.3  per  cent  of  oxygen  and  the  barometer  registers  760 
mm.,  then  the  partial  pressure  of  oxygen  is 

16.3  X  (760  -  47) 

- — —  =  116.2  mm.  Hg. 

100  ° 

The  diffusion  of  gases  between  the  atmosphere  and  the  air  in 
the  alveoL  It  has  been  pointed  out  that  the  lungs  are  not  filled 
with  fresh  air  during  inspiration  nor  are  they  ever  completely 
emptied  (p.  263) .  The  tidal  air  amounts  to  only  about  one  sixth 
of  the  total  quantity  of  air  contained  in  the  lungs,  under  ordi¬ 
nary  circumstances.  The  ventilation  of  the  air  sacs  is  brought 
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about  largely  through  diffusion  —  that  is,  the  movement  of 
gas  molecules  from  a  point  of  higher  to  one  of  lower  pressure; 
though  a  certain  degree  of  mechanical  mixing  also  occurs  as  a 
result  of  the  respiratory  movements,  especially  during  the 
elastic  recoil  of  the  lungs  at  the  end  of  inspiration.  Oxygen 
diffuses  into  the  alveolar  air  from  the  fresh  air  drawn  into  the 
respiratory  passages  (dead  space)  during  inspiration,  and  car¬ 
bon  dioxide  diffuses  from  the  alveolar  air  into  the  air  of  the 
dead  space.  (See  Table  13  and  compare  figures  for  partial 
pressures  of  oxygen  and  carbon  dioxide  in  inspired,  expired,  and 
alveolar  airs.)  During  expiration  a  part  of  the  air  (about  500 
cc.  of  the  total  2500  or  3000  cc.  in  the  lungs)  is  forced  from  the 
air  sacs.  About  350  cc.  of  this  is  expelled  to  the  outside  together 
with  about  150  cc.  which  had  filled  the  respiratory  passages. 
The  last  150  cc.  of  alveolar  air  replaces  that  which  has  been 
swept  from  the  dead  space.  At  the  next  inspiration  the  column 
of  air  which  was  in  the  dead  space  is  drawn  back  again  into  the 
air  sacs,  together  with  350  cc.  or  so  of  atmospheric  air.  Another 
150  cc.  of  atmospheric  air  fills  the  dead  space. 

The  depth  to  which  fresh  air  is  drawn  into  the  air  sacs  varies, 
of  course,  with  the  quantity  of  air  inspired.  In  very  shallow 
breathing,  atmospheric  air  may  little  more  than  fill  the  dead 
space,  whereas  in  deep  breathing  it  penetrates  beyond  the  re¬ 
spiratory  bronchioles  (p.  251). 

The  exchange  of  gases  between  the  alveolar  air  and  the  blood. 
Each  minute  during  bodily  rest  from  four  to  six  liters  of  blood 
are  delivered  to  the  lungs  by  the  pulmonary  artery.  In  trav¬ 
ersing  the  capillaries  of  the  lungs  the  red  blood  corpuscles  are 
separated  from  the  alveolar  air  by  the  exquisitely  thin  and 
highly  permeable  membranes  forming  the  alveolar  and  capil¬ 
lary  walls.  In  their  passage  through  the  capillaries  which  sur- 
round  the  alveoli,  the  red  cells  are  for  the  most  part  in  a  single 
file.  Thus,  a  thm  film  of  blood,  having  an  area  calculated  at 
atout  1000  square  feet,  is  exposed  to  the  alveolar  air.  The 
blood  coming  to  the  lungs  (i.e.,  the  mixed  venous  blood  from  all 
parts  of  the  body),  havmg  given  up  a  part  of  its  oxygen  load 
to  the  tissues,  and  having  received  therefrom  a  somewhat  smaller 
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volume  of  carbon  dioxide,  has  therefore  a  relatively  low  pressure 
of  the  former  gas  and  a  relatively  high  pressure  of  the  latter. 
The  capillary  blood  and  the  alveolar  air  (which  at  the  end  of  in¬ 
spiration  has  a  relatively  high  pressure  of  oxygen  and  a  low 
pressure  of  carbon  dioxide)  come  rapidly  into  gaseous  equi¬ 
librium,  oxygen  diffusing  from  alveolar  air  to  blood  and  carbon 
dioxide  from  blood  to  alveolar  air.  The  blood  leaving  the 

TABLE  I4 

Pressures  of  oxygen  and  carbon  dioxide  in  arterial  and  in 
mixed  venous  blood  (averages).  Compare 
with  Table  13. 


Pressures 

Arterial 

Mixed  venous 

blood 

blood 

Difference  ^ 

mm.  Hg 

mm.  Hg 

Oxygen . 

100 

40 

60 

Carbon  dioxide . 

40 

46 

6 

^  Carbon  dioxide  is  much  more  difTusible  (30  times)  than  oxygen,  so  that  rapid 
diffusion  of  the  former  gas  takes  place  at  a  smaller  pressure  difference. 


lungs  (arterial  blood)  therefore  contains  more  oxygen  and 
less  carbon  dioxide  than  does  venous  blood;  the  oxygen  and 
carbon  dioxide  pressures  show  corresponding  differences,  the 
oxygen  pressure  being  around  loo  mm.  Hg  in  arterial  and  40 
mm.  in  venous  blood;  the  carbon  dioxide  pressures  are  about 
40  and  46  mm.  Hg,  respectively. 

The  volumes  per  cent  (i.e.,  the  number  of  cubic  centimeters 
of  gas  in  100  cc.  of  blood)  and  the  pressures  of  oxygen  and  car¬ 
bon  dioxide  in  arterial  and  in  mixed  venous  blood  are  given 
in  Tables  14  and  15. 

The  gaseous  exchanges  in  the  tissues.  The  gaseous  exchanges 
taking  place  in  the  tissues  (internal  respiration)  are  the  reverse 
of  those  in  the  lungs  (external  respiration).  The  oxygen  pres¬ 
sure  in  the  tissues  is  low,  the  carbon  dioxide  pressure  high. 
The  blood  in  passing  through  the  capillaries  of  the  systemic 
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circulation  (e.g.,  of  muscles,  skin,  abdominal  organs,  etc.) 
gives  up  from  5  to  7  volumes  per  cent  of  oxygen  (depending 
upon  the  particular  type  of  tissue  and  its  activity  at  the  time) 
and  absorbs  from  4  to  7  volumes  per  cent  of  carbon  dioxide. 

The  transport  of  the  respiratory  gases  in  the  blood.  Oxygen 
transport.  When  human  blood  is  fully  oxygenated  (as  after 
exposing  it,  at  body  temperature,  to  the  atmosphere  at  sea  level 
which  has  an  oxygen  pressure  of  about  160  mm.  Hg),  each  100 
cc.  contains  20  cc.  of  oxygen.  This  is  the  maximum  quantity 
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Volumes  per  cent  of  oxygen  and  carbon  dioxide  in 
arterial  and  in  mixed  venous  blood  (averages) 


F olumes  per  cent 

Arterial 

Mixed  venous 

blood 

blood 

1  Dijference 

Oxygen . . 

19 

12.C 

6.C 

Carbon  dioxide . 

50 

56 

6.0 

of  oxygen  which  the  blood  will  absorb,  and  it  is  then  said  to  be 
fully  saturated  with  the  gas.  Twenty  volumes  per  cent  is,  there¬ 
fore,  the  oxygen  capacity  of  normal  human  blood.  The  blood 
does  not,  however,  become  fully  saturated  with  oxygen  in  pass 
ing  through  the  lungs.  Arterial  blood  contains  only  about  10 
volumes  per  cent  of  oxygen.  In  other  words,  it  is  only  qs  per 
ceny  saturated.  Of  the  19  volumes  in  every  100  cc.  of  blood 
10.76  volumes  are  in  combination  with  hemoglobin  The  re 
mammg  0.24  volume  per  cent  is  in  simple  solution  in  the  plasma 
Who  e  blood,  owmg  to  its  content  of  hemoglobin,  can  absorb, 

rf  1“"- 

Hemoglobin  when  saturated  with  oxygen,  or  nearly  so  is 

bound  very  loosely’ to 
he  hemoglobm;  the  latter  is  said  to  be  oxygenated  rather 
than  for  a  true  oxide  is  not  formed  HemoglobTn 

which  has  given  up  its  oxygen  is  called 
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If  hemoglobin  formed  a  stable  compound  with  oxygen  —  that 
is,  if  it  formed  an  oxide  which  did  not  readily  part  with  its  oxy¬ 
gen  —  it  would  serve  no  useful  purpose  in  respiration,  for  the 
unloading  of  oxygen  to  the  tissues  is  quite  as  important  as  its 
'rapid  absorption  by  the  blood  in  the  lungs.  The  combination 
of  oxygen  with  hemoglobin  in  the  lungs  and  the  dissociation  of 
oxygen  in  the  tissues  proceed  at  nearly  equal  velocities.  The 
quantity  of  oxygen  which  will  combine  or  be  held  in  combina¬ 
tion  with  hemoglobin  in  the  erythrocytes  is  dependent  upon 
the  partial  pressure  of  oxygen  in  the  plasma  (i.e.,  the  oxygen  in 
simple  solution).  The  pressure  of  oxygen  in  the  plasma  varies 
in  turn  with  the  pressure  of  oxygen  in  the  alveolar  air,  on  the 
one  hand,  and  in  the  tissue  fluids  and  cells,  on  the  other.  For 
example,  in  passing  through  the  lungs  the  plasma  comes  into 
equilibrium  with  the  alveolar  air  which  has  an  oxygen  pressure 
of  around  loo  mm.  Hg.  The  hemoglobin,  therefore,  becomes 
nearly  saturated  with  oxygen.  In  the  tissue  fluids  the  oxygen 
pressure  is  relatively  low,  and  still  lower  in  the  cells.  Oxygen 
diffuses,  therefore,  from  the  plasma  to  the  tissue  fluids  and 
from  the  latter  to  the  cells.  The  lowered  oxygen  pressure  of 
the  plasma  thus  occasioned,  causes  the  liberation  of  oxygen  from 
the  hemoglobin. 

The  oxygen  dissociation  curve  of  hemoglobin.  The  rela¬ 
tionship  between  the  oxygen  saturation  of  hemoglobin  and  the 
partial  pressure  of  oxygen  to  which  it  is  exposed  can  be  shown 
by  placing  samples  of  blood  in  a  series  of  cylindrical  glass  con¬ 
tainers  (called  tonometers^  and  introducing  air  mixtures  of 
known  oxygen  and  carbon  dioxide  pressures.  The  glass  vessels 
are  rotated  in  a  water  bath  at  body  temperature;  the  blood  is 
thus  spread  in  a  thin  film  over  their  interiors,  and  allowed  to 
come, into  gaseous  equilibrium  with  the  atmosphere  to. which 
it  is  exposed.  The  percentage  oxygen  saturation  of  each  of  the 
blood  samples  is  then  determined  and  plotted  as  shown  in 
Figure  6-17.  Percentage  oxygen  saturation  is  indicated  along 
the  upright  lines  (ordinates),  oxygen  pressures  along  the  hori¬ 
zontal  lines  (abscissae).  The  curve  plotted  in  this  way  is  called 
the  oxygen  dissociation  curve  of  hemoglobin.  It  is  important 
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to  notice  tlie  peculiar  shape  of  this  curve.  It  tends  to  flatten  out 
at  oxygen  pressures  above  70  mm.  Hg.  At  100  mm.  Hg,  which 
is  the  oxygen  pressure  in  the  alveolar  air,  the  hemoglobin  is 
95  per  cent'"' saturated.  It  w^ould  become  fully  saturated  at  150*^^ 
Hg.  Raising  the  oxygen  pressure  above  100  mm.  Hg  can 


Oxygen  pressure  in 
mm.  Hg 

Fig.  6-17  The  oxygen  dissodarion  curve  of  hemoglobin.  Heavy  Shad¬ 
ing,  reduced  hemoglobin,  light  shading,  oxyhemoglobin.  Percentage 
saturation  of  hemoglobin  with  oxygen  along  vertical  lines  (ordinates) ; 
oxygen  pressure  (tension)  in  mm.  Hg  along  horizontal  lines  (abscissae)’. 
(After  Barcroft.) 

therefore  cause  little  increase  in  the  quantity  of  oxygen  ab¬ 
sorbed;  and  a  fall  in  oxygen  pressure  down  to  6o  or  70  mm.  Hg 
causes  a  minor  reduction  in  the  oxygen  saturation. 

The  slope  of  the  lower  part  of  the  curve  (i.e.,  at  the  lower 
oxygen  pressures)  is  much  steeper.  This  means  that  any  given 
reduction  in  oxygen  pressure  causes  the  release  of  a  relatively 
large  quantity  of  oxygen  from  the  hemoglobin.  In  other 
words,  in  passing  through  the  tissues,  where  the  oxygen  pres¬ 
sure  is  low,  very  free  dissociation  of  oxyhemoglobin  occurs  and 

ajelatively  large  quantity  of  oxygen  is  unloaded  for  delivery  to 

me  tissue  cells.  ^ 


OXYGEN  DISSOCIATION  CURVE  OF  HEMOGLOBIN 

Two  factors,  namely,  a  rise  in  temperature  and  an  increase 
in  hydrogen  ion  concentration,  cause  a  shift  to  the  right  of  the 
oxygen  dissociation  curve  of  hemoglobin.  That  is  to  say,  each 
of  these  factors  reduces  the  quantity  of  oxygen  which  hemo¬ 
globin  will  hold  at  any  given  oxygen  pressure.  Therefore,  dur- 
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Fig.  6-1 8  Showing  effect  of  increasing  pressures  (tensions)  of  CO2 
upon  the  oxygen  dissociation  curve  of  hemoglobin  (Bohr  effect  at  con¬ 
stant  temp.  37 C).  (After  Barcroft.)  Percentage  saturation  of  hemo¬ 
globin  along  upright  lines  (ordinates);  oxygen  pressure  in  mm.  Hg 
along  horizontal  lines  (abscissae). 

ing  increased  tissue  activity  (e.g.,  muscular  contraction)  the 
local  rise  in  temperature,  and  the  increase  in  hydrogen  ion  con¬ 
centration  resulting  from  carbon  dioxide  and  lactic  acid  produc¬ 
tion,  cause  a  greater  load  of  oxygen  (per  unit  quantity  of  blood) 
to  be  delivered  to  the  tissues.  The  influence  of  carbon  dioxide 
pressure  variations  upon  the  form  of  the  oxygen  dissociation 
curve  of  hemoglobin  is  illustrated  in  Figure  6-i8.  This  is 
known  as  the  Bohr  e§ect. 

Carbon  dioxide  transport.  Arterial  blood  contains  from  44 
to  52  volumes  per  cent  of  carbon  dioxide,  venous  blood  from 
50  to  58  volumes  per  cent.  A  small  part  of  this,  namely,  about 
2.5  volumes  per  cent  (or  from  4  to  5  per  cent  of  the  total)  is  in 
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simple  soliition  in  the  plasma.  A  further  4  or  5  volumes  per 
cent  (8  to  10  per  cent  of  the  total)  is  combined  directly  with 
hemoglobin.  The  compound  is  called  carbhemoglobin.  The 
rest  of  the  carbon  dioxide  is  carried,  in  the  plasma  as  sodium 
bicarbonate.  The  chloride  shift  mechanism  through  which  the 
scxhum  bicarbonate  is  formed  when  carbon  dioxide  enters  the 
blood  from  the  tissues  has  already’ been  explained  (p.  118). 
After  a  study  of  this  mechanism  it  will  be  realized  that  though 
only  a  small  part  of  the  carbon  dioxide  is  carried  in  the  blood 
actually  combined  with  hemoglobin,  the  latter  serves  in  an  in¬ 
direct  way  —  that  is,  by  giving  up  its  alkali,  for  the  carriage  of 
over  85  per  cent  of  the  total  carbon  dioxide.  For  this  reason  the 
quantity  of  carbon  dioxide  which  can  be  absorbed  by  plasma 
from  which  the  red  cells  have  been  separated  ■  by  centrifuging 
(so-called  separated  plasma)^  is  only  a  small  fraction  of  that 
which  the  plasma  in  whole  blood  true  plasma will  absorb. 


The  Control  of  Respiration 

Respiration  is  essentially  an  involuntary  act,  that  is,  it  is  carried 
out  automatically  and  without  thought.  Nevertheless,  it  is  to  a 
certain  extent  under  voluntary  control.  One  can,  for  example, 
cease  breathing  for  a  time,  or  can  vary  the  rate  or  the  rhythm  of 
the  respirations  (as  in  speaking  or  singing).  The  respirations 
are  also  controlled  through  an  effort  of  the  will  or  semiauto- 
matically  (reflexly)  during  swallowing,  coughing,  sucking,  etc., 
and  arc  altered  by  emotional  states.  But  -the  respiratory  move¬ 
ments  are  essentially  automatic  in  nature.  The  breathing  can¬ 
not  be  suspended  voluntarily  for  ipore  than  45  seconds  or  so. 
At  the  end  of  this  time  one  is  compelled  to  take  a  breath. 

The  automatic,  involuntary  character  of  the  respiratory- 
movements  k  due  to  the  rhythmical  discharge ‘of  impulses 
from  a  group  of  nerve  cells  situated  in  the  lower  part  of  the 
ioor  of  the  fourth  ventricle,  in  the  medulla  oblongata..  These 
constitute  the  respiratory  center.  Destruction  of  this  remon 
causes  complete  and  permanent  arrest  of  respiration.  The  im¬ 
pulses  originating  in  the  center  are  conducted  down  the  spinal 
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cord  to  the  anterior  horn  cells  of  the  third,  fourth  and  fifth 
cervical  segments.  The  phrenic  nerve  which  supplies  the  chief 
muscle  of  respiration,  namely  the  diaphragm,  arises  from  these 
spinal  segments.  Impulses  also  descend  from  the  center  to  the 
motor  neurons  in  the  third,  fourth,  fifth,  and  sixth  thoracic 
segments,  supplying  fibers  to  the  intercostal  muscles. 

The  complete  central  nervous  mechanism  in  the  brain  stem 
controlling  respiration  does  not  occupy  an  area  as  circumscribed 
as  was  at  one  time  believed.  Though  we  still  speak  of  the 
respiratory  center,  and  stimulation  of  a  small  spot  in  the  lower 
part  of  the  medulla  oblongata  will  cause  pronounced  respiratory 
responses,  modern  research  has  revealed  that  the  regulation  of 
the  respiratory  rhythm  is  dependent  upon  a  much  more  com¬ 
plex  and  extensive  neural  mechanism.  There  is  a  group  of 
nerve  cells  or  center  in  the  medulla  which,  when  stimulated 
electrically  during  inspiration,  causes  the  immediate  arrest  of 
this  movement  and  brings  on  expiration ;  it  is  called  the  expira¬ 
tory  center.  An  inspiratory  center  lies  in  close  proximity  to  the 
expiratory  center  and,  when  stimulated,  causes  strong  contrac¬ 
tions  of  all  the  inspiratory  muscles.  In  the  living  body  the  ex¬ 
piratory  center  appears  to  discharge  an  intermittent  stream  of 
inhibitory  impulses  to  the  inspiratory  center,  interrupting  its 
activity  at  regular  intervals.  Expiration  then  follows  auto¬ 
matically  and  in  a  passive  manner.  In  other  words,  expiration 
is  the  result  of  the  cessation  of  impulses  from  the  inspiratory  or 
primary  center  to  the  diaphragm  and  other  muscles  of  inspira¬ 
tion.  A  third  group  of  nerve  cells,  known  as  the  pneumotaxic 
center,  situated  in  the  lower  part  of  the  pons,  is  connected  to  t^ 
inspiratory  center  by  nerve  tracts.  The  function  of  this  center 
iFnot  altogether  clear,  but  it  is  believed  by  most  physiologists 
to  receive  excitatory  impulses  discharged  rhythmically  from 
the  inspiratory  center  which  it  relays  to  the  expiratory  center; 
the  latter  then  exerts  intermittently,  an  inhibitory  influence 
upon  the  inspiratory  center  as  described  above.  All  three  cen¬ 
ters  are  bilaterally  represented  (see  Fig.  6-19). 

The  frequency  of  the  impulses  discharged  along  the  phrenic 
nerves,  and  other  nerves  to  the  inspiratory  muscles,  varies  rhyth- 
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mically  with  the  inspiratory  movements,  rising  to  a  maxin 
toward  the  end  of  inspiration  and  falling  to  a  minimurr 
ceasing  entirely  during  expiration. 


The  respiratory  nervous  mechanism,  though  fundamental 
automatic  in  its  action,  is  influenced  by  chemical  and  reflex  f; 
tors.  These  will  be  considered  separately. 

Chemical  factors.  Cl/J.rhnn  /1in  V-t/Z/*  ♦.U  ..V  _ • 
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constant  at  around  40  mm.  Hg,  for  the  slightest  rise  suffices  to 
increase  the  pulmonary  ventilation.  The  excess  gas  is  thus  re¬ 
moved  and  the  pressure  restored,  automatically,  to  the  normal 
level.  Professor  }.  S.  Haldane  and  his  associates  found  that  an 
increase  of  only  0.2  per  cent  in  the  carbon  dioxide  of  the 
alveolar  air  (a  rise  in  partial  pressure  of  1.5  mm.  Hg)  doubled 
the  volume  of  the  air  breathed  per  minute.  The  effect  of  car¬ 
bon  dioxide  upon  the  respirations  may  be  demonstrated  by 


having  a  subject  breathe  an  air  mixture  containing  a  high  per¬ 
centage  (5  or  6  per  cent)  of  carbon  dioxide  (Fig.  6-20).  The 
respirations  become  deeper,  more  rapid,  and  even  violent, 
though  the  mixture  contains  over  90  per  cent  of  oxygen.  Con¬ 
versely,  if  a  subject  increases  his  pulmonary  ventilation  by 
breathing  quickly,  and  as  deeply  as  possible  for  a  minute  or  so, 
a  greater  than  ordinary  quantity  of  carbon  dioxide  is  “  pumped  ” 
out  of,  or  “  blown  ”  from  his  blood.  When  the  forced  voluntary 
effort  (forced  breathing  ceases,  spontaneous  respiratory  move¬ 
ments  are  not  resumed  for  a  period  of  from  40  to  60  seconds. 
This  interval  of  suspended  respiration,  during  which  there  is  no 
desire  to  breathe,  is  called  apnea  (literalljl;  no^bfeathing;  see 
Fig.  6-21).  With  longer  periods  of  forced  breafhing,  the  ap- 
neic  period  may  be  extended  to  2  minutes  or  '^ore.  If  the 
subject  repeats  the  experiment,  but  instead  of  breathing  ordi- 
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nary  air,  breathes  an  air  mixture  containing  a  higher  concen¬ 
tration  (4-5  per  cent)  of  carbon  dioxide  and  a  normal  per¬ 
centage  of  oxygen,  apnea  does  not  occur.  The  cessation  of 
breathing  following  hyperventilation  of  the  lungs  is  due,  there¬ 
fore,  to  the  removal  of  carbon  dioxide  from  the  blood,  and  not 
to  its  being  overcharged  with  oxygen.  A  reduction  in  the  carbon 
dioxide  pressure  of  the  alveolar  air  by  about  0.2  per  cent  is 
sufiEcient  to  induce  a  short  period  of  apnea. 


Fig.  6-21  Forced  breathing  for  a  period  of  two  minutes  is  followed  by 
apnea  lasting  for  three  minutes.  This  is  succeeded  by  periodic  breath¬ 
ing  of  the  Cheyne-Stokes  type,  (p.  284  and  Fig.  6-23),  which  persists 
for  a  minute  or  so  before  normal  breathing  is  resumed.  (After  Doug¬ 
las  and  Haldane.) 

A  low  partial  pressure  of  oxygen  In  the  arterial  blood.  The 
effect  upon  the  respirations  of  oxygen  want  is  seen  at  altitudes 
of  10,000  feet  or  more,  where  the  oxygen  pressure  of  the  atmos¬ 
phere  is  greatly  reduced  (p.  287).  An  increase  in  pulmonary 
ventilation  then  occurs.  The  respiratory  stimulus,  in  this  in¬ 
stance,  cannot  be  carbon  dioxide,  for  the  pressure  of  this  gas  in 
the  alveolar  air  at  high  altitudes  may  be  only  30  mm.  Hg,  m- 
stead  of  the  usual  40  mm.  The  return  of  the  respirations  at  the 
end  of  a  long  apneic  period  caused  by  forced  breathing  is  also 
due  to  oxygen  want,  for  at  this  time  the  partial  pressure  of  car¬ 
bon  dioxide  in  the  blood  is  still  below  the  normal  level.  For 
this  reason,  forced  breathing  of  an  air  mixture  containing  a 
high  percentage  of  oxygen  results  in  an  extraordinarily  long 
period  of  apnea  (10-15  minutes),  the  large  store  of  oxygen  held 
in  the  lungs  postponing  the  onset  of  oxygen  want. 

The  stimulating  effect  which  oxygen  want  exerts  upon  the 
respiratory  center  is  now  believed  to  be  an  indirect  one,  namely, 
through  the  stimulation  of  the  chemoreceptors  in  the  carotid 
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body  (p.  283).  The  direct  effect  of  anoxia  upon  the  center  it¬ 
self  is  of  a  depressing  rather  than  of  a  stimulating  nature. 
Under  ordinary  circumstances,  however,  oxygen  want  is  not 
even  an  indirect  factor  in  the  control  of  respiration,  for  it  is  not 
until  the  oxygen  percentage  in  the  atmosphere  reaches  a  very 
low  level  (12-14  cent)  that  any  noticeable  effect  upon  res¬ 
piration  is  produced.  When  one  holds  the  breath,  for  example, 
the  uncontrollable  desire  to  breathe  is  due  to  the  accumulation 
of  carbon  dioxide,  and  not  to  lack  of  oxygen.  The  intense  urge 
to  breathe  occurs  before  the  oxygen  content  of  the  blood  has 
fallen  to  the  point  where  the  respirations  are  stimulated  by  oxy¬ 
gen  lack. 

Reflex  factors.  Afferent  nerve  impulses  originating  in  almost 
any  part  of  the  body  may  influence  the  activity  of  the  respiratory 
center.  The  sharp  inspiration  which  follows  a  painful  stimu¬ 
lus,  the  inhibition  of  inspiration  during  swallowing  (p.  333)  or 
when  sensory  endings  in  the  nasal  mucosa  are  stimulated  (as 
by  some  pungent  odor),  and  the  increased  rate  and  depth  of 
breathing  caused  by  the  stimulation  of  cutaneous  nerves  by  a 
cold  or  a  hot  bath,  are  a  few  familiar  examples  illustrating  the 
effects  of  afferent  nerve  stimulation  upon  the  respiratory  move¬ 
ments. 

The  activity  of  the  respiratory  center  is  also  influenced  by 
proprioceptive  impulses  (p.  566)  arising  in  the  respiratory  mus¬ 
cles,  as  well  as  by  impulses  discharged  from  the  higher  (psy¬ 
chic)  centers  of  the  brain.  Various  changes  in  respiratory  rate, 
depth  and  rhythm  may  be  brought  about  through  emotional 
and  mental  factors.  The  spasmodic  breathing  of  laughter,  the 
sobbing  respirations  in  grief,  the  slow  shallow  breathing  dur¬ 
ing  attention,  suspense,  or  apprehension,  and  the  rapid  respira¬ 
tions  m  excitement  or  fear,  may  be  cited  (Fig.  6-22). 

An  outstanding  reflex  effect  upon  the  rate  and  depth  of 
breathing  is  brought  about  through  impulses  originating  in  af¬ 
ferent  endings  of  the  vagus  situated  in  the  pulmonary  tissue 
itself.  The  adequate  stimulus  for  the  vagal  endings  is  stretch¬ 
ing  caused  by  inflation  of  the  lungs.  Thus,  at  the  end  of  in¬ 
spiration,  distension  of  the  air  sacs  causes  a  stream  of  impulses 


to 
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to  be  discharged  to  the  respiratory  center.  These  depress  the 
activity  of  the  center,  that  is,  the  frequency  of  the  impulses  dis¬ 
charged  down  the  phrenic  and  other  e'fferent  respiratory  nerves, 
is  reduced;  or  the  efferent  discharges  may  cease  entirely.  Ex¬ 
piration  which,  as  we  have  seen,  is  brought  about  mainly  in  a 


passive  m^er,  therefore  follows.  The  arrest  of  inspiration 
brought  about  in  this  way,  with  the  consequent  onset  of  expira¬ 
tion,  IS  called  the  Henng-Breuer  reflex.  Section  of  the  vagus 
nerves  m  experimental  animals,  by  interrupting  the  afferent 
impulses  from  the  lungs,  results  in  slowing  and  deepening  of 

E  a  ■"  conditions, 

play  a  rok  m  rcspnatory  control.  The  walls  of  the  sinus  con- 
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tain  receptors  which  when  stimulated  mechanically  (pressure 
or  stretch)  discharge  impulses  to  the  respiratory  center  as  well 
as  to  the  cardio-inhibitory  and  vasomotor  centers.  Thus,  dis¬ 
tension  of  the  sinus  by  a  rise  in  blood  pressure  causes  slowing 
of  the  respirations,  or  even  complete  respiratory  arrest  (apnea) 
for  a  short  time.  A  fall  in  blood  pressure  has  the  reverse  effect, 
namely,  increased  pulmonary  ventilation.  These  effects  must 
come  into  play  only  under  very  unusual  and  special  circum¬ 
stances. 

The  carotid  body  is  a  small  structure  attached  to  a  twig  of  a 
minor  artery  arising  from  the  external  carotid  close  to  the  ca¬ 
rotid  sinus.  It  contains  cells  which  have  the  specialized  func¬ 
tion  of  responding  to  chemical  stimuli.  These  chemoreceptors, 
as  they  are  called,  are  stimulated  by  a  rise  in  the  carbon  dioxide 
tension  of  the  arterial  blood,  by  an  increase  in  hydrogen  ion 
concentration,  or  by  oxygen  lack.  The  nerve  impulses  set  up  by 
the  stimulation  of  these  chemoreceptors  and  discharged  along 
the  sinus  nerve  to  the  respiratory  center  result  in  an  increase 
in  the  rate  and  depth  of  breathing.  A  rise  in  the  carbon  diox¬ 
ide  pressure  exerts  a  similar,  though  less  pronounced,  effect. 
The  carotid  body  plays  no  role,  or  a  very  minor  one,  in  the 
control  of  the  circulation  (see  p.  219). 

As  mentioned  on  page  280,  it  is  only  when  oxygen  want 
reaches  an  extreme  degree  that  the  chemoreceptors  of  the  carotid 
body  are  stimulated.  The  same  applies  to  carbon  dioxide  ex¬ 
cess.  The  sinus  mechanism,  therefore,  plays  no  part  in  the  con¬ 
trol  of  respiration  under  ordinary  physiological  conditions. 

Physiological  Modifications  of  Respiration 

Laughing  consists  of  a  deep  inspiration  followed  by  a  series 
of  short  spasmodic  expirations.  The  characteristic  sound  is 
caused  by  the  vibrations  of  the  vocal  cords  which  are  held  tense 
in  the  path  of  the  outgoing  air.  In  crying  the  respiratory  move¬ 
ments  are  very  similar. 

Coughing  is  a  reflex  act.  It  is  caused,  usually,  by  stimulation 
of  sensory  endings  of  the  vagus  nerve  in  the  mucosa  of  the 
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larynx  or  trachea,  but  it  may  result  from  the  excitation  of  af¬ 
ferent  vagal  endings  in  the  lungs  or  pleura.  The  act  comprises 
a  short  inspiration,  followed  immediately  by  closure  of  the 
opening  of  the  larynx  (glottis),  and  a  forcible  expiratory  effort. 
A  high  pressure  is  thus  created  within  the  lungs  and  lower 
air  passages.  The  glottis  then  opens  suddenly,  allowing  the 
air  to  escape  in  a  blast.  Thus,  any  irritating  material  which 
may  be  present  in  the  larynx  is  expelled. 

Sneezing,  like  coughing,  consists  of  a  short  inspiration,  fol¬ 
lowed  by  a  forcible  expiration,  but  the  glottis  remains  open. 
During  the  first  part  of  the  expiratory  effort  the  way  into  the 
mouth  is  blocked  by  the  elevation  of  the  tongue  against  the 
soft  palate,  the  blast  of  air  being  thus  directed  through  the  nose. 
Later,  the  resistance  offered  by  the  tongue  is,  as  a  rule,  removed, 
the  air  then  escaping  through  the  mouth.  The  sneezing  re¬ 
flex  is  initiated  by  irritation  of  the  nasal  endings  of  the  trigem¬ 
inal  nerve. 

Yawning  is  usually  an  indication  of  fatigue,  sleepiness,  or  sim¬ 
ply  of  boredom.  It  may  also  be  induced  by  seeing  someone 
else  yawn.  It  is  primarily  of  psychic  origin.  A  yawn  comprises 
a  deep  inspiration  with  the  mouth  open  to  its  full  extent. 
Sighing  consists  of  a  prolonged  expiration. 

Hype^nea  is  the  term  applied  to  any  increase  in  pulmonary 
ventilation,  due  to  an  increase  either  in  the  rate  or  in  the  depth 
of  breathing,  or  of  both. 


Abnormal  Types  of  Respiration 

Periodic  breathing  is  the  term  given  to  certain  types  of  abnor¬ 
mal  respiratory  rhythm  (see  Fig.  6-23).  The  best  known  of 
these  is  called  Cheyne-Sto\es  breathing,  after  two  physicians 
of  the  last  century  who  described  it  as  a  characteristic  feature  of 
certain  diseases.  This  type  of  breathing  is  marked  by  periods 
of  rapid  and  deep  respiration  (hyperpneic  periods)  alternating 
■with  mtervals  of  complete  cessation  of  respiration  (apneic  pe¬ 
riods).  At  the  beaming  of  the  hyperpneic  periods  the  respira¬ 
tions  are  slow  and  shallow,  but  they  quickly  increase  to  a  maxi- 
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mum  rate  and  depth,  and  then,  becoming  smaller  and  smaller 
again,  cease.  The  apneic  periods  are  due  to  the  removal  of  car- 
bon  dioxide  from  the  blood  during  the  preceding  periods  of 
hyperpnea.  The  latter  are  due,  in  turn,  to  oxygen  lack,  acting 
through  the  carotid  body  reflex,  and  the  accumulation  of  car¬ 
bon  dioxide  during  the  apneic  periods.  The  respiratory  center, 
apparently,  has  lost  some  stabilizing  factor  which  normally 
prevents  it  from  responding  too  vigorously  to  changes  in  the 
gaseous  composition  of  the  blood.  Like  a  machine  without  a 
fly-wheel,  the  action  of  the  center  is  uneven,  relatively  small 


Fig.  6-23  Cheyne-Stokes 
breathing,  i,  hyperpneic 
periods;  2,  apneic  periods. 
(After  Waller.) 


changes  in  gas  pressores  causing  a  too  sudden  and  unduly  great 
respiratory  effect. 

Gheyne-Stokes  breathing  is  seen  in  advanced  kidney  disease, 
in  cases  of  raised  intracranial  pressure,  and  in  poisoning  by  nar¬ 
cotics.  But  periodic  breathing  of  a  similar  type  occurs  under 
certain  physiological  conditions,  e.g.,  in  animals  during  hiber¬ 
nation  and  sometimes  in  children  during  sleep.  It  is  also  seen 
when  the  respirations  are  returning  after  the  period  of  apnea 
induced  by  forced  breathing,  or  it  may  occur  at  high  altitudes. 

Dyspnea,  or  difficult  breathing,  is  seen  in  a  number  of  dis¬ 
eased  conditions.  The  breathlessness  in  heart  disease,  or  in 
acidosis,  and  the  respiratory  distress  of  asthma,  pneumonia,  and 
other-  pulmonary  conditions,  and  at  high  altitudes,  are  exam¬ 
ples.  In  acidosis  the  respirations  are  increased  in  an  effort  to 
H  CO 

maintain  the  ratio  at  its  normal  value  by  reducing 

NaHCOs  ^  ^ 

the  numerator  of  the  equation  —  that  is,  by  “  blowing  off  ”  car¬ 
bon  dioxide  from  the  blood  (p.  279).  The  dyspnea  of  heart 
disease,  anemia  and  pneumonia,  and  at  high  altitudes,  is  caused 
by  an  inadequate  supply  of  oxygen  to  the  tissues,  including  the 
carotid  body  which  is  stimulated  thereby. 


286 


RESPIRATION 


A  rise  in  metabolism,  from  whatever  cause,  brings  about  an 
increase  in  the  pulmonar)i  ventilation,  since  larger  amounts  of 
carbon  dioxide  are  then  produced.  Muscular  exercise  increases 
the  metabolism  and,  therefore,  stimulates  the  respirations,  and 
even  a  healthy  person  may  suffer  from  dyspnea  after  a  bout  of 
strenuous  muscular  effort,  when  he  puffs,  gasps,  or  pants  and 
feels  that  he  will  suffocate  if  he  does  not  get  more  air  into  his 
lungs.  If,  as  in  hyperthyroidism  (p.  451),  the  resting  metabo¬ 
lism  is  already  above  normal,  dyspnea  is  experienced  with  a 
grade  of  muscular  exertion  which  would  not  cause  any  respira¬ 
tory  distress  in  a  normal  person.  In  anemia,  also,  breathless¬ 
ness  occurs  upon  any  slight  muscular  exertion,  because  the  he¬ 
moglobin  concentration  of  the  patient’s  blood,  though  capable 
of  carrying  the  required  quantity  of  oygen  to  the  tissues  when 
the  body  is  at  rest,  is  unable  to  satisfy  the  demands  of  even 
mild  physical  effort. 

The  degree  of  hyperpnea  at  which  respiratory  distress  is  ex- 
perknced  varies  widely  in  different  individuals  according  to 
their  physical  state.  As  compared  with  untrained  persons, 
athletes  are  able  to  increase  their  pulmonary  ventilation  to  a 
much  greater  extent  before  any  difficulty  in  breathing  (ie 
dyspnea)  is  experienced.  &  v  • 


Oxygen  Want  —  Anoxia 

Any  failure  of  the  tissues  to  secure  a  supply  of  oxygen  sufficient 
or  their  needs  is  referred  to  as  oxygen  want  or  anoxia.  Anoxia 
IS  classified  accordmg  to  its  cause  into  the  following  four  groups  • 

<^noxic,  stagnant,  anemic,  ztiA  histotoxic. 

wWhS.  H°’?'  ‘)T'  o*  in 

lucli  the  blexjd  m  its  passage  through  the  lungs  does  not  reach 
normal  saturation  (94  t„  96 

in  vSrat^rf  ^  “d 

with  breathing  (eg  “obsSchoTof’dir  “ 

asthma,  pneuionia  ic)  i«pwatory  passages, 

Hcknc.  The  unpleasant  and  sometimes  serious 
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effects  of  the  anoxia  of  high  altitudes  are  referred  to  as  moun¬ 
tain  sickness.  The  first  signs  of  mountain  sickness  appear  at 
an  altitude  of  between  8000  and  10,000  feet  above  sea-level.  At 
this  height  the  percentage  oxygen  saturation  of  the  hemoglobin 
is  considerably  below  the  normal  level.  For  example,  at  a 
height  of  14,000  feet  above  sea-level  the  atmospheric  pressure 
is  around  450  mm.  Hg.  The  partial  pressure  of  oxygen,  being 

reduced  proportionately,  amounts  to  ^  mm. 

Hg,  as  compared  with  160  mm.  at  sea  level.  The  oxygen  pres¬ 
sure  in  the  alveolar  air  and  arterial  blood  is,  therefore,  only 
from  55  to  60  mm.  Hg.  The  oxygen  saturation  of  the  hemo¬ 
globin  is  around  82  per  cent  as  compared  with  the  normal  of 
about  95  per  cent,  and  the  symptoms  and  signs  of  anoxia  are 
apparent.  These  include  headache,  nausea,  and  vomiting,  dysp¬ 
nea  and  cyanosis  (p.  289).  Emotional  outbursts,  e.g.,  laughing 
or  crying,  quarrelsomeness  or  hilarity,  are  common.  There  is 
often  a  sense  of  exhilaration,  or  an  exhibition  of  foolhardiness, 
boisterousness,  or  stubbornness.  If  a  person  remains  for  a  time 
at  the  high  altitude  these  effects  gradually  disappear;  he  becomes 
acclimatized.  The  acclimatization  process  consists  of  a  rise  in 
the  red  cell  count  (see  Fig.  3-4,  p.  61),  and  adjustments  in 
the  circulatory  and  respiratory  mechanisms.  Natives  of  high 
mountains  have  a  red  cell  count  of  from  6,500,000  to  8,500,000, 
depending  upon  the  altitude  at  which  they  live.  The  volume 
of  the  lungs  and  the  size  of  the  chest  is  greater  than  the  normal 
for  a  man  of  the  same  height  residing  at  sea  level.  In  rapid  as¬ 
cents  to  high  altitudes  (40,000  to  50,000  feet),  as  in  a  balloon 
or  an  airplane,  consciousness  is  lost  rapidly  unless  the  balloonist 
or  aviator  can  receive  oxygen  inhalations  from  a  storage  cylin¬ 
der,  or  the  plane  is  provided  with  an  airtight  cabin  within 
which  the  partial  pressure  of  oxygen  is  equal  to  that  at  an  alti¬ 
tude  of  8000  feet  or  less. 

Stagnant  anoxia  is  due  to  slowing  of  the  circulation  through 
the  tissues.  The  reduced  velocity  of  the  blood  in  the  capillaries 
permits  the  hemoglobin  to  give  up  a  greater  fraction  of  its  total 
oxygen  load  than  normally.  The  venous  blood  contains,  there- 
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fore,  a  proportionately  larger  amount  of  reduced  hemoglobin. 
When  the  blood  remains  long  in  the  capillaries,  though  a 
larger  quantity  of  oxygen  is  abstracted  from  it,  the  greater  part 
of  the  gas  is  delivered  at  low  pressure.  The  tissues,  therefore, 
receive  less  oxygen  in  a  given  time  than  when  the  blood  flow 
is  rapid. 

Anemic  anoxia  is  the  type  of  oxygen  want  resulting  from  a 
reduced  oxygen-carrying  capacity  of  the  blood.  This  form  of 
anoxia  includes  that  due  to  carbon  monoxide  poisoning  as  well 
as  to  that  resulting  from  anemia. 

Carbon  monoxide  poisoning.  Carbon  monoxide  combines 
with  hemoglobin  to  form  COHb,  a  relatively  stable  compound 
—  that  is,  one  which  dissociates  very  slowly.  Any  hemoglo- 
bm  in  this  form  cannot  take  up  oxygen,  and  is  therefore  dis¬ 
possessed  of  any  respiratory  function.  Carbon  monoxide  acts 
as  a  poison  for  this  reason  only.  The  subject  poisoned  by  the 
gas  is  deprived  of  the  use  of  part  of  his  hemoglobin  just  as 
surely  as  if  it  had  been  lost  from  the  body,  and  the  tissues,  in 
consequence,  cannot  be  supplied  adequately  with  oxygen. 

Hemoglobin  has  a  very  great  affinity  for  carbon  monoxide, 
and  this  is  why  it  is  so  especially  dangerous.  When  blood  is 
exposed  to  an  atmosphere  containing  equal  concentrations  of 
carbon  monoxide  and  oxygen  it  absorbs  300  parts  of  the  former 
gas  for  every  one  part  of  the  latter.  In  other  words,  the  hemo¬ 
globin  becomes  almost  completely  saturated  with  carbon 
monoxide  to  the  exclusion  of  oxygen.  As  a  result  of  the  prefer¬ 
ence  shown  by  hemoglobin  for  carbon  monoxide,  a  concen¬ 
tration  of  as  little  as  0.2  per  cent  in  an  atmosphere  otherwise 
normal  in  composition  will  cause  death  if  breathed  for  a  few 
minutes.  As  in  the  anoxia  of  mountain  sickness,  so  in  that  due 
to  carbon  monoxide  poisoning,  the  subject  often  becomes  stub¬ 
born,  perverse,  or  unruly.  Though  he  is  not  unaware  of  his 
danger  he  may,  owing  to  some  fanciful  idea,  make  no  attempt 
to  escape,  and  may  even  resist  efforts  of  others  to  bring  him 
into  fresh  air.  This  is  another  dangerous  feature  associated 
with  exposure  to  this  gas. 

The  most  effective  means  of  resuscitating  a  subject  of  carbon 
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monoxide  poisoning  is  artificial  respiration  and,  when  possible, 
using  an  air  mixture  of  about  40  per  cent  oxygen  and  7  per 
cent  carbon  dioxide.  The  oxygen  tends  to  hasten  the  liberation 
of  carbon  monoxide  from  the  hemoglobin  while  the  carbon 
dioxide  stimulates  the  respirations. 

Histotoxic  anoxia.  In  this  type  of  anoxia  the  oxidative  proc¬ 
esses  of  the  tissues  are  depressed  or  abolished  by  a  poison  such  as 
cyanide.  The  oxygen-carrying  capacity  of  the  blood  is  not  af¬ 
fected,  but,  since  cellular  oxidations  are  greatly  reduced  or  in 
abeyance,  the  usual  amount  of  oxygen  is  not  removed  from  the 
blood  in  the  capillaries.  The  venous  blood,  therefore,  has  a 
high  oxygen  saturation,  and  is  arterial  in  color.  Cyanide  poi¬ 
soning  is  treated  by  the  intravenous  injection  of  a  solution  of 
sodium  nitrate  followed  by  the  injection  of  sodium  thiosulfate. 
However,  since  cyanide  poisoning  is  so  rapidly  fatal,  there  is 
rarely  an  opportunity  for  applying  this  or  any  other  method  of 
resuscitation. 

Cyanosis  is  the  name  given  to  the  blue  tint  of  the  skin  caused 
by  an  unusually  high  concentration  of  reduced  hemoglobin  in 
the  blood  of  the  capillaries  composing  the  subpapillary  venous 
plexus  (p.  222).  The  blueness  is  usually  most  pronounced  in 
the  skin  of  the  lips,  ears,  and  finger  tips.  It  is  the  visible  sign 
of  anoxia,  either  of  the  anoxic  or  stagnant  type.  That  is,  the 
blood  either  does  not  receive  a  full  load  of  oxygen  in  the  lungs 
or  it  gives  up  an  unusually  large  proportion  of  its  oxygen  to  the 
tissues.  In  both  these  instances,  the  capillary  blood  will  have  an 
abnormally  high  concentration  of  reduced  hemoglobin,  which 
is  darker  in  color  than  oxyhemoglobin.  Blood  contains  some 
15  grams  of  hemoglobin  per  100  cc.  In  the  cutaneous  capillaries 
of  a  normal  person  about  2.5  grams  of  this  is  reduced  hemo¬ 
globin,  the  remaining  12.5  grams  is  oxyhemoglobin.  When, 
as  a  result  of  either  of  the  two  types  of  anoxia  just  mentioned, 
the  concentration  of  reduced  hemoglobin  in  the  capillary  blood 
increases  to  5  grams  per  too  cc.,  cyanosis  appears. 

The  anemic  and  histotoxic  types  of  anoxia  do  not  cause  cy¬ 
anosis.  In  the  first  of  these,  though  the  hemoglobin  is  dimin¬ 
ished  in  amount,  what  there  is  of  it  is  as  fully  saturated  with 
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oxygen  as  in  health.  Furthermore,  a  person  witli  a  very  severe 
anemia  (hemoglobin  less  than  5  grams  per  100  cc.  of  blood) 
obviously  cannot  become  cyanosed  under  any  circumstances, 
for  even  though  all  his  hemoglobin  should  be  in  the  reduced 
form,  it  would  not  be  in  sufficiently  high  concentration  to  cause 
any  discoloration  of  the  skin.  On  the  other  hand,  a  person 
whose  blood  had  an  abnormally  high  concentration  of  hemo¬ 
globin  (25  to  30  grams  per  100  cc.,  as  in  polycythemia)  becomes 
cyanosed  with  a  relatively  mild  degree  of  anoxia. 


Fig.  6-24  The  larynx 
and  upper  rings  of  the 
trachea.  The  hyoid  is  a 
small  bone  lying  near  the 
root  of  the  tongue.  The 
thyroid  cartilage  forms  the 
front  and  side  walls  of 
the  larynx.  The  cricoid 
is  a  circle  of  cartilage 
shaped  like  a  signet  ring, 
lying  between  the  larynx 
above  and  the  trachea  be¬ 
low. 


thyroid 

CARIttAGE 


cmcoio 

CARTILAGE 


In  the  histotoxic  type  the  capillary  blood  actually  contains  a 
loiver  concentration  of  reduced  hemoglobin  than  in  health, 
for,  as  a  result  of  the  action  of  the  poison  on  the  respiratory 
function  of  the  cells  of  the  tissues,  the  oxygen  in  the  blood  is 
not  utilized. 


The  Voice 

The  mode  of  production  of  the  human  voice,  with  its  varied 
tones.  Its  range  of  pitch  and  its  volume,  has  long  aroused  the 
interest  of  physiologists.  As  an  instrument  of  sound,  the  voice- 
box  or  larynx,  with  the  cavities  of  the  mouth,  throat,  trachea, 
and  lungs,  may  be  compared  to  the  pipe  of  an  organ.  A  reed 
and  the  column  of  air  in  the  organ  pipe  are  set  into  vibration 
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by  an  air  blast.  In  a  somewhat  similar  manner  the  vocal  cords 
within  the  larynx  are  thrown  into  vibration  by  air  expelled 
from  the  lungs.  The  nose,  mouth,  throat,  and  chest  serve  as 
resonating  chambers.  Certain  notes  can  be  played  by  the  or¬ 
ganist  which  imitate  the  human  voice  in  a  truly  remarkable 
way. 


Fig.  6-25  The  vocal  cords  viewed  from  above  (diagrammatic)  in 
different  degrees  of  approximation.  A,  in  midposition;  B,  in  full  ad¬ 
duction;  C,  in  full  abduction. 


The  larynx  (Fig.  6-24)  lies  at  the  upper  end  of  the  trachea,  its 
walls  being  formed  of  cartilage  and  lined  with  mucous  mem¬ 
brane;  the  vocal  cords  are  two  thin-edged  bands  or  mem¬ 
branes  lying  within  it.  The  cords  run  from  before  backward, 
being  attached  behind  to  two  small  cartilaginous  bodies  (the 
arytenoid  cartilages')  and  fixed  in  front  to  the  wall  of  the  larynx. 
By  the  contraction  of  small  muscles  attached  to  them  the  aryte¬ 
noid  cartilages  can  be  rotated  when  necessary.  By  this  means 
the  vocal  cords  can  be  swung  away  from  one  another,  that  is, 
outward  against  the  walls  of  the  larynx  (Figs.  6-25  and  6-26), 
or  inward  toward  one  another  until  only  a  small  chink  re- 
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mains  between  them.  At  ordinary  times  the  cords  lie  against 
the  wall  of  the  larynx,  and  the  gap  separating  them  is  wide, 
and  no  sound  is  produced  during  the  passage  of  the  breath. 
During  speech  they  are  brought  toward  one  another  and  into 
the  current  of  air  expelled  from  the  lungs,  which,  being  unable 
to  escape  except  through  the  narrow  opening,  sets  the  edges 
of  the  cords  into  vibration.  By  means  of  slender  muscles  run¬ 
ning  in  the  cords  themselves  they  may  be  tightened  or  slack¬ 
ened. 


EPIGLOTTIS 


—  VOCAL 
CORD 

■  TRACHEA 


Fig.  6-26  Showing  the  appearance  of  the  opening 
into  the  Iaryn.x  observed  through  the  mouth  by 

^  means  of  the  laryngoscope. 

Sound  possesses  three  properties  —  loudness,  quality  or  tim¬ 
bre,  and  pitch.  The  loudness  of  the  voice  depends  upon  the 
energy  with  which  the  vocal  cords  vibrate;  the  greater  the  pres¬ 
sure  under  which  the  air  is  expired,  and  the  greater  the  move¬ 
ments  made  by  the  cords,  the  louder  will  be  the  sound.  The 
p^h  is  determined  primarily  by  the  length  and  tightness  of 

T  frequency  of  their  vibrations. 

In  children  and  women  the  cords  are  short,  and  the  voice  is 
bgh-pitched.  In  men  the  cords  are  longer,  and  the  voice  is 
deeper.  All  of  us  can  adjust  the  tension  and  to  some  extent  the 
length  of  our  vwal  cords  and  so  alter  the  pitch  of  the  voice,  but 
toed  singers  have  developed  this  ability  to  the  greatest  degree. 
The  quality  ox  timbre  of  our  voices  depends  on  the  number  and 
mtensity  of  the  overtones  or  harmonics  which  are  produced. 
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and  these  in  turn  depend  upon  the  ■  shape  and  capacity  of  the 
resonating  chambers  —  the  mouth,  the  trachea  and  the  chest. 
Training  of  the  voice  consists  very  largely  in  modification  of 
the  mouth  and  throat  cavities  so  that  the  sound  produced  in  the 
larynx  receives  the  greatest  possible  number  of  these  harmonics 
or  supplementary  tones. 


Fig-  6-27  Showing  the  positions  of  the  lips  and  tongue  and  the  shape 
of  the  mouth  cavity  when  pronouncing  a,  i,  and  60. 


In  speech  the  musical  sounds  produced  by  the  vibration  of 
the, vocal  cords  are  modified  by  the  numerous  changes  which 
may  be  made  in  the  size  and  shape  of  the  air  passages  —  the 
pharynx  and  the  mouth.  The  vowel  sounds,  a,  e,  i,  o,  u,  are 
formed  in  the  lower  air  passages  and  molded  as  it  were  by  the 
mouth,  the  latter  cavity  assuming  positions  which  are  charac¬ 
teristic  for  each  vowel  (Fig.  6-27).  When  we  whisper,  these 
sounds  may  be  produced  simply  by  placing  the  mouth  in  the 
required  position  —  that  is,  without  vibration  of  the  vocal  cords. 
The  consonants  are  formed  by  interrupting  to  different  degrees 
the  expired  air  in  various  parts  of  the  vocal  pathway. 


Chapter  7 

THE  PHYSIOLOGY  OF 
THE  KIDNEY.  MICTURITION 


The  stucture  of  the  kidney.  The  kidney  is  composed  of  a 
large  number  of  microscopical  structures  called  nephrons. 
They  are  the  excreting  units  of  the  kidney.  Their  function  is 
the  separation  from  the  blood  of  water  and  certain  other  ma¬ 
terials  (urea,  salts,  etc.,)  which  are  then  excreted  as  urine.  In 
man,  there  are  some  2,000,000  nephrons  — 1,000,000  in  each 
kidney. 

The  nephron  comprises  (i)  a  spherical,  vascular  structure 
called  the  renal  glomerulus  or  Malpighian  corpuscle,  and  (2) 
the  renal  tubule  (Figs.  7-1,  7-2,  7-3,  and  7-4). 

The  renal  glomerulus  consists  of  some  fifty  separate  capil¬ 
laries  bent  into  short  loops  to  form  a  compact  mass  called  the 
glomerular  tuft.  The  upper  end  of  each  renal  tubule  is  ex¬ 
panded  into  a  structure  known  as  Bowman’s  capsule.  The 
cavity  of  Bowman’s  capsule  is  crescentic  in  cross  section,  owing 
to  the  encroachment  of  the  capillary  tuft  which  is,  as  it  were, 
pushed  into  one  side  of  the  capsule  as  a  ball  might  be  pressed 
into  the  side  of  a  partially  inflated  balloon.  The  walls  of  the 
capsule  are  formed  of  a  thin  membrane  composed  of  a  single 
layer  of  flat  cells  which,  therefore,  serves  also  as  a  covering  for 
the  glomerulus.  This  membrane  and  the  equally  thin  walls  of 
the  capillaries  separate  the  blood  from  the  cavity  of  Bowman’s 
capsule. 

The  renal  tubule  drains  Bowman’s  capsule  and,  for  purposes 
of  description,  can  be  divided  into  three  parts.  The  first  third 
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Fig.  7-1  Showing  a  renal  unit  or  nephron  of  the  cortex  of  the  kidney, 
with  its  blood  supply,  and  a  collecting  tubule.  The  thin  part  of  Henle’s 
loop  varies  considerably;  it  often  extends  into  the  ascending  limb  of  the 
loop  or  may  even  be  confined  to  this  limb. 


THB  KIDNEY.  MICTURITION 


or  so  is  tortuous,  and  lies  in  close  relation  to  the  glomerulus;  it 
is  known  as  the  proximal  convoluted  tubule.  The  walls  of  this 
portion  of  the  tubule  are  composed  of  a  single  layer  of  colum¬ 
nar  epithelial  cells.  The  free  borders  of  the  cells  show  fine  per¬ 
pendicular  striations  which  give  them  a  brush-like  appearance. 


AFFERENT 

ARTERIOLE- 


EFFERENT 

ARTERIOLE 


-BOWMAN’S 

CAPSULE 


t _  LOOPS  OF 

CAPILLARY  TUFT 


COMMENCEMENT  OF 
PROXIMAL  CONVOLUTED 
TUBULE 


Fig.  7-2  Diagram  of  a  glomerulus  of  the  kidney.  Note  that  capillaries 
pass  from  the  afferent  to  the  efferent  arteriole  in  separate  loops.  There 
are  many  more  capillary  loops  than  are  shown  here;  each  glomerulus 
contains  50  or  more. 

This  so-called  brush  border  is  not  seen  elsewhere  in  the  tubule, 
though  the  cells  lining  the  small  intestine  have  a  similar  ap¬ 
pearance.  After  forming  the  proximal  convoluted  tubule,  the 
nephron  straightens  out  and  descends  for  a  distance  through 
the  substance  of  the  kidney;  then,  turning  upon  itself,  it  ascends 
again  to  the  region  of  the  glomerulus.  The  hairpin-like  bend, 
so  formed,  is  called  Henle’s  loop;  the  straight  parts  of  the  tubule 
leading  to  and  away  from  the  bend  are  called,  respectively,  the 
descending  and  ascending  limbs  of  Henle’s  loop.  The  tubule 
composing  the  loop  for  the  greater  part  of  its  length  is  much 
narrower  than  either  the  proximal  or  distal  convoluted  tubule; 
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it  is  usually  referred  to  as  the  thin  -portion  of  Henle’s  loop 
(Fig.  7-1).  The  ascending  limb  passes  into  a  second  tortuous 
section  lying  in  close  relation  to  the  glomerulus;  this  is  called 
the  distal  convoluted  tubule.  The  distal  convoluted  tubules 
empty  the  tubular  fluid,  now  completely  formed  urine,  into 


Fig.  7-3  Drawn  from  a  photograph  of  portion  of  a  kidney  after  in¬ 
jecting  its  vessels  with  fluid  that  solidified,  and  then  destroying  the 
renal  tissue  with  acid  to  reveal  the  glomeruli. 


larger  channels,  called  collecting  tubules.  These  latter  tubes 
serve  merely  to  conduct  the  urine  to  the  pelvis  of  the  kidney 
(p.  312),  playing  no  part  in  the  actual  formation  of  the  urine. 

The  blood  and  nerve  supply  of  the  kidney.  Blood  is  de¬ 
livered  to  the  kidney  by  the  renal  artery,  a  short  thick  vessel 
which  arises  from  the  abdominal  aorta.  All  the  blood  which 
enters  the  kidney,  except  a  small  fraction  for  the  nourishment 
of  the  covering  and  connective  tissue  of  the  organ,  passes 
through  the  glomeruli.  The  capillaries  of  each  glomerular 
tuft  are  derived  fom  a  single  arteriole  called  the  afferent  vessel. 
Converging  again,  the  capillaries  form  a  single  effluent  chan¬ 
nel,  known  as  the  efferent  vessel  (Fig.  7-5).  This  is  also  of 
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arteriolar  construction.  There  is  considerable  disparity  in  size 
between  the  diameters  of  the  two  glomerular  arterioles,  the 
efferent  vessel  being  the  smaller.  This  arrangement  makes 
for  a  reladvely  high  pressure  within  the  capillary  loops.  Fur¬ 
thermore,  variations  in  glomerular  capillary  pressure  can  be 
brought  about  through  changes  in  the  relative  diameters  of  the 


Fig.  7-4  Microscopical  appearance  of  normal  renal 
tissue,  G,  glomerulus;  T,  tubule. 


two  vessels.  Dilatation  of  the  afferent  arteriole  or  constriction 
of  the  efferent,  the  caliber  of  the  other  vessel  in  each  instance 
remaining  the  same,  causes  a  rise  in  the  blood  pressure  in  the 
capillaries  of  the  renal  glomerulus.  Constriction  of  the  affer¬ 
ent  or  dilatation  of  the  efferent  vessel  will  produce  the  reverse 
effect. 

The  blood,  after  traversing  the  glomerulus,  is  distributed  to 
the  Test  of  the  nephron  through  branches  of  the  efferent  vessels 
which  terminate  in  a  capillary  network  surrounding  the  tubules. 

The  nerves  of  the  kidney  are  derived  from  the  vagus  and 
splanchnic  {sympathetic)  nerves.  These  nerves  have  no  secre¬ 
tory  action,  for  the  kidney  continues  to  perform  its  functions  in 
a  normal  manner  after  it  has  been  completely  dcnervated. 
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the  first-mentioned  vessels^  which  is  the  course  taken  by  the 
blood  under  ordinary  circumstances,^  and  to  travel  through  the 
more  deeply  placed  glomeruli.  A  renal  vascular  reflex  of  this 
sort  probably  occurs  in  surgical  shock  due  to  severe  tissue  in- 
jury.  _ 

The  composition  of  the  urine.  The  chief  urinary  constitu¬ 
ents  in  grams  per  liter  of  urine  are  given  in  the  following  table. 

I.  Inorganic  constituents 

Grams  per  liter 


Chloride  expressed  as  NaCl  .vr .  9.0 

Phosphorus  expressed  as  P2O5  .  2.0 

Total  sulfur  expressed  as  SO3  . .  1.5 

Sodium  expressed  as  Na20 .  4.0 

Potassium  expressed  as  K2O  .  .  2.0 

Calcium  expressed'  as  CaO  .  0.2 

Magnesium  expressed  as  MgO . . .  0.2 

Iron  . .  0.003 


11.  Nitrogenous  constituents 


Urea 

25.0  grams  containing  approximately  lo.o  grams  nitrogen 
Ammonia 

0.6  gram  containing  approximately  0.4  gram  nitrogen 

Uric  acid 

0.6  gram  containing  approximately  0.2,  gram  nitrogen 
Creatinine 

1.5  gram  containing  approximately  03  gram  nitrogen 
Undetermined  nitrogen  .  0.6  gram 


™  . . .  1 17  grams  nitrogen 

Urea  is  derived  mainly  from  the  breakdown  in  the  body  of 
food  protein;  it,  therefore,  varies  considerably  with  the  quan- 
dty  of  protein  in  the  diet.  On  a  low  protein  intake,  it  may  be 
less  i^n  a  sixth  of  the  value  given  in  the  above  table.  The 
creatinine,  on  the  other  hand,  is  derived  mainly  from  the  disin¬ 
tegration  of  l^y  tissue;  its  excretion  is,  therefore,  almost  unin- 
auenced  by  the  protein  level  of  the  diet. 

The  uric  acid  is  derived  from  purines  (p.  400)  taken  in  the 
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food,  as  well  as  from  the  purines  of  body  tissue.  Ammonia  is 
formed  in  the  kidney  itself  from  glutamine  carried  to  it  in  the 
blood.  The  color  of  the  urine  is  due  to  a  pigment  called  uro- 
chrome.  Normal  urine  does  not  contain  glucose,  except  occa¬ 
sionally  after  meals;  minute  amounts  may  then  appear. 

The  reaction  and  specific  gravity  of  the  urine.  Under  ordi¬ 
nary  circumstances,  the  urine  is  definitely  acid.  The  average 
pH  is  around  6.0,  but  the  reaction  varies  considerably  with  the 
nature  of  the  diet.  Most  fruits  reduce  the  acidity  of  the  urine, 
for  they  contain  the  salts  of  organic  acids;  the  acid  is  oxidized, 
leaving  the  alkali,  which  is  excreted.  Starvation  increases  the 
urinary  acidity,  because  sulfuric  and  phosphoric  acids  are 
formed  from  the  breakdown  of  body  protein,  and  acetoacetic 
and  ^hydroxybutyric  acids  from  the  metabolism  of  body  fat. 
A  high  protein  diet  also  increases  the  quantity  of  acid  excre¬ 
tion.  Herbivorous  animals,  on  the  other  hand,  excrete  an  al¬ 
kaline  urine  except  when  fasting,  the  urine  then  becoming 
acid.  In  diseases  associated  with  the  production  of  large 
amounts  of  organic  acids  in  the  body,  e.g.,  acetoacetic  and 
P-hydroxybutyric  acids  in  diabetes,  the  urine  is  more  strongly 
acid  than  normally. 

The  normal  acidity  of  the  urine  is  a  manifestation  of  one  of 
the  most  important  functions  performed  by  the  kidney,  namely, 
the  maintenance  of  the  alkalinity  of  the  blood  and  body  fluids. 
Blood  coming  to  the  kidney  has  a  pH  of  around  7.4;  the  urine, 
as  just  mentioned,  has  an  average  pH  of  6.0.  The  kidney  sep¬ 
arates  acid  from  basic  substances,  retaining  the  latter  within 
the  body  and  excreting  the  former.  This  conservation  of  the 
body’s  base  is  brought  about  in  part  by  the  conversion  in  the 
kidney  of  the  alkaline  phosphate  of  the  blood  (Na2HP04)  into 
the  acid  phosphate  (NaH2P04).  For  example,  the  concentra¬ 
tions  of  the  alkaline  and  acid  phosphates  in  plasma  are  as  4  to  i, 
whereas,  in  urine  they  are  as  i  to  9.  Another  way  in  which  the 
kidney  conserves  fixed  base  (chiefly  sodium)  to  the  body  is  by 
the  formation  of  ammonia.  The  ammonia  then  combines  with 
acids  brought  to  the  kidney,  which  excretes  them  as  ammonium 
salts. 
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Tile  specific  gravity  of  the  urine  ranges  under  ordinary  cir¬ 
cumstances  between  1.020  and  1.032.  In  health  the  specific 
gravity  swings  readily  in  one  or  other  direction,  in  response  to 
variations  in  the  intake  of  fluid.  For  example,  when  a  normal 
person  drinks  a  large  quantity  of  water,  the  urine  which  he 
passes  within  the  next  couple  of  hours  is  very  dilute;  the  specific 
gravity  may  be  as  low  as  i.ooi  or  1.002.  On  the  other  hand, 
after  abstaining  from  fluids  for  some  time,  the  specific  gravity 
of  the  urine  rises  to  1.030  or  higher.  In  the  later  stages  of  kid¬ 
ney  disease  the  specific  gravity  of  the  urine  is  low  under  all 
circumstances.  It  remains  almost  fixed  around  a  value  of 
1.010,  in  spite  of  wide  variations  in  the  fluid  intake. 

The  volume  of  the  urine.  In  man,  from  1000  to  1500  cc.  of 
urine  are  formed  in  24  hours.  The  volume  varies,  of  course, 
with  the  aihount  of  fluid  drunk  and  with  that  lost  through 
other  channels  — skin,  lungs,  and  bowels.  It  is  reduced,  there¬ 
fore,  in  hot  weather  or  as  a  result  of  diarrhea  or  vomiting.  The 
products  of  protein  metabolism,  especially  urea,  increase  urine 
production;  the  volume  of  the  urine  is  greater,  therefore,  upon 
a  high  than  upon  a  low  protein  diet.  Urine  formation  is  re¬ 
duced  during  sleep,  but  the  total  excretion  of  urinary  solids, 
e.g.,  urea,  uric  acids,  phosphate,  etc.,  is  about  the  same  during 
the  night  as  during  a  day  period  of  equal  length,  the  kidney 
merely  excreting  less  water  —  that  is,  more  water  is  reabsorbed 
from  the  tubules.  The  urine  passed  after  rising  in  the  morning 
is,  therefore,  more  concentrated  than  ordinary  day  urine.  A 
decided  rise  in  the  volume  of  the  night  urine,  as  a  persistent 
phenomenon,  is  called  nycturia.  It  is  an  early  sign  of  chronic 
renal  disease.  Muscular  exercise,  especially  of  a  strenuous  na¬ 
ture,  reduces  the  volume  of  the  urine,  as  a  result  of  the  libera¬ 
tion  of  the  antidiuretic  hormone  of  the  pituitary  body  as  de- 
scribed  oa  page  479. 

The  for^tion  of  urine.  Though  the  renal  corpuscle  was 
described  by  the  Italian  anatomist,  Marcello  Malpighi,  in  the 
seventeenth  century  (1666),  it 'was  not  until  nearly  200  years 
mter  (1842)  that  the  English  anatomist  and  surgeon.  Sir  William 
Bowman,,  recognized  the  functional  significance  of  this  struc- 
mre,  and  of  the  capsule  which  is  known  by  his  name.  From 
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his  studies  of  the  structure  of  the  glomerulus  Bowman  con¬ 
cluded  that  it  served  simply  as  a  filter  to  remove  water  and  salts 
from  the  plasma.  Though  others  have  contended  that  the 
layer  of  Bowman’s  capsule  covering  the  capillaries  of  the  glo¬ 
merular  tuft  actually  secreted  these  urinary  constituents,  the 
former  view  is  now  universally  accepted.  The  glomerular 
membrane  acts  in  a  purely  passive  manner,  its  cells,  unlike 
those  of  a  true  gland,  possessing  no  secretory  function. 

Filtration  through  the  glomerulus.  Let  us  now  consider  the 
filtration  process  in  greater  detail.  Filtration  through  a  mem¬ 
brane  may  be  defined  as  the  separation,  by  gravity  or  pressure, 
of  liquid  and  such  materials  as  can  pass  through  the  membrane 
from  other  materials  to  which  it  is  impermeable.  Water,  salts, 
and  other  substances  of  relatively  small  molecular  size  pass 
through  the  capillary  walls  of  the  glomerulus  into  Bowman’s 
capsule,  but  the  capillary  membrane  is  impermeable  to  the  blood 
cells  and  the  plasma  colloids  (proteins).  If  there  were  no  pro¬ 
teins  or  other  colloids  of  comparable  molecular  size  in  the 
blood  plasma,  the  force  driving  water  and  salts  from  the  capil¬ 
laries  of  the  tuft  into  the  cavity  of  Bowman’s  capsule  would 
be  equal  to  about  65  mm.  Hg,  that  is,  the  difference  between  the 
capillary  blood  pressure  (70  mm.  Hg  or  so)  and  the  pressure  in 
Bowman’s  capsule  (about  5  mm.  Hg).  But  the  plasma  pro¬ 
teins,  since  the  glomerular  membrane  is  impermeable  to  them, 
exert  an  osmotic  pressure  (see  p.  64)  which  opposes  the  blood 
pressure.  This  force  acts  to  hold  water  and  dissolved  sub¬ 
stances  within  the  vessels,  and  must  be  overcome  by  the  hy¬ 
draulic  force  of  the  blood  in  the  glomerular  capillaries.  The 
capillary  blood  pressure  must  be  higher,  therefore,  than  the 
osmotic  pressure  of  the  plasma  colloids  (proteins),  in  order  for 
filtration  to  occur.  The  osmotic  pressure  of  the  plasma  pro¬ 
teins  is  around  25  mm.  Hg.  Therefore,  the  actual  driving  force, 
or  effective  filtration  pressure,  in  millimeters  of  mercury  is  as 
follows  (see  also  Fig.  7-6) : 

70  -  30  -  5  =  45 

Blood  Osmotic  Pressure  in  Effective 
pressure  pressure  capsule  filtration 
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The  theory  of  glomerular  function  just  outlined  has  been 
confirmed  in  every  detail  by  experiment.  For  example,  a  rise 
in  blood  pressure  within  the  glomerular  capillaries,  without  any 
change  occurring  in  osmotic  or  capsular  pressure,  causes  an  in¬ 
crease  in  the  amount  of  filtrate  formed.  Lowering  the  osmotic 
pressure  while  the  blood  pressure  is  kept  constant,  as  by  the 


Fig.  7-6  Diagram  illus¬ 
trating  the  factors  gov¬ 
erning  glomerular  filtra¬ 
tion.  B.P.,  blood  pressure 
in  glomerular  capillaries; 

0-P.,  osmotic  pressure  of 
plasma;  C,  pressure  in 
Bowman’s  capsule.  Fig¬ 
ures  indicate  mm.  Hg; 
short  arrow  represents  the 
passage  of  fluid  and  dis¬ 
solved  substances  into 
Bowman’s  capsule,  the 
driving  force  being  75  — 

30  =  45  mm.  Hg.  Long 
arrow  indicates  reabsorp¬ 
tion  into  the  blood. 

mtravenoiis  injection  of  a  saline  solution  (which  of  course  di- 

lutes  the  proteins),  also  increases  the  flow  of  urine.  On  the 
other  hand,  raising  the  pressure  in  Bowman’s  capsule  by  block¬ 
ing  the  ureter  reduces  the  volume  of  the  filtrate,  and  when  the 
capsular  pressure  just  about  equals  the  amount  by  which  the 
blood  pressure  exceeds  the  plasma  osmotic  pressure  (which 
would  be  45  mm.  Hg  in  the  example  given  above),  urine  for- 
mation  ceases. 

A  crucial  experimeiit  was  performed  by  Dr.  Richards  of  the 

University  of  Pennsylvania  which  has  finally  dispelled  all  doubt 
that  the  glomerulus  acts  as  a  filter.  He  obtained  a  sample  of 
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fluid  as  it  was  produced  by  the  glomerulus  o£  the  kidney  of  a 
living  frog,  by  inserting  a  fine  glass  pipette  into  Bowman’s 
capsule  and  sucking  off  the  filtrate  by  means  of  a  flask  of  mer- 


Fig.  7-7  Illustrating  Richards’  method  of  obtain¬ 
ing  a  sample  of  glomerular  filtrate.  When  the  bulb 
is  lowered  to  the  position  indicated  by  the  dotted 
outline,  fluid  is  sucked  from  Bowman’s  capsule. 

cury  and  a  length  of  tubing  as  depicted  in  Figure  7-7.  This  fluid 
was  found  to  contain  glucose,  chloride,  and  all  the  other  con¬ 
stituents  of  plasma  except  the  proteins.  It  was  alkaline  in  re¬ 
action.  In  other  words,  it  was  a  filtrate  (or  ultrafiltrate)  — 
simply  deproteinized  plasma. 

It  is  scarcely  conceivable  that  the  fluid  of  Bowman’s  capsule 
would  be  of  exactly  the  same  comjiosition  as  that  of  plasma  if 
it  were  produced  by  a  secretory  process. 

The  concentrating  junction  of  the  tubules.  Normal  urine  is 
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much  more  concentrated  than  the  filtrate  in  Bowman’s  cap¬ 
sule —  that  is,  it  contains  a  higher  percentage  qf  total  solids;  it 
is  hypertonic  with  respect  to  the  plasma,  and  has  a  much 
smaller  volume.  The  quantity  of  filtrate  formed  by  the  human 
kidneys  in  24  hours  amounts  to  from  75  to  150  liters,  whereas 


TABLE  16 

(After  Cushny) 


Blood  plasma 

Urine 

Times  increase  in 
concentration  in 
the  renal  tubules 

per  cent 

per  cent 

Water . . . 

90-93 

95 

ProteinSj  fats,  and 

other  colloids .  .  . 

7-9 

Glucose . . 

O.I 

Na . 

0.30 

0-35 

little  or  none 

Ci . 

0-37 

0.6 

Urea . 

0.03 

2 

1  60 

Uric  acid . . . . 

0.004 

0.05 

12 

K.\,- . . 

0.020 

0.15 

7 

NH4 . 

0.001  (?) 

0.04 

40 

Ca . 

0.008 

0.015 

2 

Mg . 

0.0025 

0.006 

2 

PO4 . 

0.009 

0.15 

16 

SO4 . . 

0.002 

0.18 

90 

Creatinine . 

0.001  (?) 

0-075 

75 

the  quantity  of  urine  secreted  in  the  same  time  is  only  from 
I  to  i|  liters.  Obviously,  a  large  volume  of  water  —  from  98  to 
99  per  cent  of  that  filtered  through  the  glomerulus  —  must  have 
been  reabsorbed  from  the  tubules  mto  the  blood  stream.  Fur¬ 
thermore,  glucose  is  present  in  the  filtrate,  but  is  absent,  in 
health,  from  the  urine.  Glucose,  then,  must  be  reabsorbed,  so 
tOT  must  sodium  chloride,  for  Richards,  in  the  experiment  upon 
the  frog’s  kidney  mentioned  above,  found  it  in  the  filtrate  but 
not  m  the  urine.  Materials  such  as  urea,  phosphates,  and  uric 
aad  arc  reabsorbed  to  only  a  small  extent,  while  other  waste 
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products^  such  as  creatine  and  sulfates,  are  reabsorbed  in 
traces  or  not  at  all.  Glucose  and  the  essential  salts,  since  they 
do  not  escape  into  the  urine  in  considerable  quantities  unless 
their  concentrations  in  the  plasma  are  abnormally  high,  are 
called  high  threshold  substances.  Those  substances  which  are 
reabsorbed  to  a  minor  extent  (urea,  phosphate,  and  uric  acid) 
are  called  low  threshold  substances ^  while  those  (creatinine  and 
sulphates)  which  are  not  absorbed  at  all  are  called  nonthreshold 
substances  (see  Table  i6). 

Glucose,  sodium  chloride,  vitamin  C,  amino-acids,  and  proba¬ 
bly  Other  essential  materials  are  reabsorbed  from  the  filtrate  in 
the  proximal  convoluted  tubule.  This  part  of  the  nephron  is 
also  responsible  for  from  8o  to  90  per  cent  of  the  water  reab¬ 
sorbed  from  the  filtrate.  The  remaining  10  to  20  per  cent  of  the 
reabsorbed  water  is  returned  to  the  renal  blood  from  more  dis¬ 
tal  portions  of  the  tubules  —  probably  the  thin  part  of  Henle’s 
loop.  Little  or  no  concentration  of  the  filtrate  occurs  in  the 
proximal  tubule,  the  water  reabsorbed  containing  solids  in 
about  the  same  concentration  as  does  the  filtrate.  The  con¬ 
centrating  function  is  effected  by  the  reabsorption  of  water  in 
the  more  distal  portions  of  the  nephrons. 

The  change  in  reaction  of  the  urine,  from  alkaline  to  acid, 
occurs  in  the  distal  convoluted  tubule. 

As  already  stated  (p.  297),  the  urine  after  leaving  the  distal 
convoluted  tubule  and  entering  the  collecting  tubules  under¬ 
goes  no  further  change. 

The  process  of  filtration  across  the  glomerular  membranes 
(capillary  walls  and\covering  layer  of  Bowman's  capsule)  is  a 
purely  passive  process,  in  so  far  as  the  membrane  itself  is  con¬ 
cerned.  That  is  to  say,  this  membrane  interposed  between  the 
capillary  blood  and  the  cavity  of  Bowman’s  capsule  plays  no 
active  part  in  the  separation  of  the  water,  salts,  and  other  ma¬ 
terials  in  true  solution  in  the  plasma  from  the  plasma  proteins. 
It  exhibits  no  selective  action;  no  energy  is  expended;  no  oxy¬ 
gen  is  consumed  in  the  process.  On  the  contrary,  the  cells  of 
the  tubules  exercise  a  selective  action:  some  constituents  of  the 
glomerular  filtrate  are  reabsorbed;  other  are  discarded  (ex- 


3o8  the  kidney,  micturition 

creted  in  the  urine) ;  energy  is  expended  by  these  cells  in  the 
reabsorption  process;  oxygen  is  consumed.  The  process  may 
be  looked  upon  as  a  reverse  secretion,  selected  materials  being 
passed  back  into  the  blood  rather  than,  as  in  the  secretion  of  an 
ordinary  gland  which,  after  separating  certain  constituents 
from  the  blood  by  a  specific  action  of  its  cells,  discharges  them 
into  the  alveoli  of  the  gland.^ 

The  tubules,  in  some  species  at  any  rate,  have  also  a  secretory 
function,  adding  urea,  uric  acid,  and  other  substances  to  the 
filtrate. 

The  action  of  hormones  upon  renal  function.  In  health,  the 
proportion  of  the  filtered  water  which  is  reabsorbed  by  the 
proximal  convoluted  tubule  is  fixed  at  a  value  somewhere  be¬ 
tween  the  values  already  given,  namely,  8o  to  90  per  cent.  That 
is  to  say,  if  the  volume  of  the  filtrate  is  100  liters,  and  the  total 
volume  of  water  reabsorbed  is  98  liters,  then  85  per  cent  of  this, 
or  aoout  83  liters,  is  absorbed  by  the  proximal  convoluted  tu¬ 
bule.  On  the  other  hand  the  amount  of  water  reabsorbed  by 
the  more  distal  part  of  the  tubule  varies  very  widely  under  dif¬ 
ferent  physiolo^cal  and  pathological  conditions.  It  is  solely 
through  this  variability  that  the  urine  is  made  less  or  more  con¬ 
centrated  with  corresponding  changes  in  its  volume.  The  fore¬ 
most  and  most  potent  factor  in  altering  the  amount  of  water 
reabsorbed  by  the  tubules  distal  to  their  proximal  convoluted 
portions  is  the  antidiuretic  hormone  of  the  pituitary  body  (see 
P-  479)-  This  principle  mcreases  the  reabsorption  of  water  and 
reduces  the  reabsorption  of  sodium  chloride;  when  it  is  lacking, 
reabsorption  of  water  is  reduced  and  the  reabsorption  of  sodium 
chloride  increased.  In  the  absence  of  this  hormone,  the  urine 
is,  dierefore,  of  large  volume  and  very  dilute  (see  diabetes  in¬ 
sipidus,  p.  485).  The  antidiuretic  hormone  appears  to  exert  its 
effect  upon  the  thin  section  of  Henle’s  loop.  One  reason  for  be- 


I  The  cells  of  the  tubules  in  reabsorbing  water  from  the  filtrate  expend  a  pro- 
^esstvely  greater  amount  of  energy  as  the  concentration  of  this  fluid  increases  and,  in 
^^uence,  its  osmottc  pressure  rises.  The  cells  are  said  to  perform  osmotic  work. 

to  *e  cells 

I^tS  S  I  *<=  ^absorption  of  water  ceases,  the  urine  has 

attaiiicd  its  maximal  concentration. 
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lieving  in  the  truth  of  this  statement  is  the  fact  that  in  animals 
such  as  frogs,  whose  kidneys  do  not  have  this  segment,  pituitary 
extract  (containing  the  antidiuretic  hormone)  exerts  no  renal 
effect.  The  kidneys  of  such  animals  have  no  concentrating 

power,  their  urines  are  actually  hypotonic  with  respect  to  the 
plasma. 

The  hormones  of  the  adrenal  cortex  (p.  467)  also  exert  an  ef¬ 
fect  upon  the  excretion  of  water  and  sodium  chloride  by  the 
kidney.  They  increase  the  reabsorption  of  sodium  and  reduce 
the  reabsorption  of  potassium.  Therefore  when  there  is  an 
insufficiency  of  the  adrenal  cortex,  the  excretion  of  sodium  is 
increased,  whereas  that  of  potassium  is  reduced  (see  Addison’s 
disease,  p.  467). 

Diuresis.  Increased  flow  of  urine  is  called  diuresis,  and  drugs 
which  cause  such  an  effect  are  known  as  diuretics.  This  group 
of  drugs  includes  caffeine  (of  coffee),  theobromine  (of  cocoa), 
theophylline  (of  tea),  urea,  and  various  salts,  e.g.,  potassium  ni¬ 
trate,  potassium  citrate,  ammonium  chloride,  sodium  sulphate, 
and  certain  mercury  compounds. 

It  is  evident  from  the  outline  of  the  mechanism  of  renal  ex¬ 
cretion  just  given  that  there  are  two  ways  in  which  a  greater 
flow  of  urine  could  be  produced,  namely,  by  increasing  glo¬ 
merular  filtration  or  by  diminishing  tubular  reabsorption. 
Caffeine,  theobromine,  and  theophylline  cause  more  capillary 
loops  to  open  up  and  thus  to  increase  the  total  filtering  surface 
of  the  kidney.  Sodium  sulphate  and  the  mercurial  diuretics 
diminish  reabsorption. 

T he  renal  response  to  water  drinking  —  water  diuresis.  The 
drinking  of  a  large  quantity  (i  to  3  pints)  of  water  is  followed 
within  60  minutes  or  so  by  the  passage  of  a  large  volume  of 
very  dilute  urine  (Sp.g.  around  1001).  The  renal  effect  lasts 
for  2  or  3  hours.  The  resemblance  of  this  response,  as  well  as 
the  very  dilute  nature  of  the  urine,  to  the  characteristic  renal 
features  of  diabetes  insipidus  (due  to  the  lack  of  antidiuretic 
principle  of  the  pituitary  body)  has  long  been  recognized.  The 
suspicion  grew  that  in  the  mechanism  of  water  diuresis  the 
antidiuretic  hormone  of  the  pituitary  was  in  some  way  involved. 
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The  results  of  recent  experiments  have  shown  how  well- 
founded  was  this  suspicion.  Without  going  into  details  the 
course  of  events  will  be  briefly  described.  The  ingested  water 
after  absorption  from  the  intestine  causes,  through  dilution,  a 
sHght  fall  in  the  osmotic  pressure  of  the  blood.  The  blood 
dilution  exerts  an  effect  upon  certain  nerve  cells  of  the  brain 
(their  exact  location  is  unknown)  which  are  extremely  sensi¬ 
tive  to  any  change  in  the  osmotic  pressure  of  the  blood  with 
which  they  are  supplied.  The  nerve  cells  —  a  type  of  receptor 
organ  (p.  565)  —  are  called  osmoreceptors.  Through  nervous 
connections  with  the  cells  of  the  posterior  lobe  of  the  pituitary 
gland  the  osmoreceptors,  in  response  to  a  lowering  of  plasma 
osmotic  pressure,  exert  an  inhibitory  action  upon  the  output  of 
the  antidiuretic  hormone  which,  under  ordinary  conditions,  is 
being  continually  secreted  into  the  blood  stream,  and,  therefore, 
constantly  exercising  its  characteristic  action  upon  the  function 
of  the  kiiiey. 

During  a  period  of  water  deprivation,  the  kidney  conserves  its 
water  stores.  The  volume  of  urine  is  reduced  due  to  the  libera¬ 
tion  of  an  excess  of  the  antidiuretic  hormone.  Again,  the  ef¬ 
fect  upon  the  pituitary  is  brought  about  by  a  change  in  the 
osmotic  pressure  of  the  blood,  but  now  the  effect  is  in  the  op¬ 
posite  direction  for  the  deprivation  of  water  has  caused  some 
slight  increase  in  blood  concentration. 

The  reduction  in  urine  volume  caused  by  the  injection  of  a 
small  quantity  (0.001  cc.)  of  pituitary  extract  into  the  internal 
carotid  artery  can  be  duplicated  exactly  by  10  cc.  of  a  2.5  per 
cent  (hypertonic)  solution  of  sodium  chloride  or  of  sugar,  in¬ 
troduced  in  the  same  manner  into  the  cerebral  circulation,’  for 
such  hypertonic  solutions  cause  a  rise  in  the  osmotic  pressure 
of^the  plasma  of  sufficient  magnitude  to  affect  the  osmorecep- 

Simunary  of  the  chief  functions  of  the  kidney,  i.  The  kid- 
ney  n^tains  the  normal  composidon  of  the  plasma  through 
the  ehmmation  of  excess  water  and  the  waste  products  of  pro- 
tern  and  purme  metabolism,  e.g.,  urea,  creatinine,  sulfates, 
uric  acid,  etc,  retammg  at  the  same  time  the  essential  constitu- 
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ents  of  the  blood,  e.g.,  cells,  proteins,  glucose,  and  inorganic 
salts. 

2.  The  kidney  plays  a  prominent  role  in  the  regulation  of  the 
acid  base  balance  of  the  body,  through  (a)  the  production  of 
ammonia  which,  being  then  excreted  in  combination  with  fixed 
acids  (ammonium  salts)  conserves  the  body’s  store  of  alkali, 
and  (b)  through  the  conversion  of  alkaline  phosphate  to  the 
acid  salt  (Na2HP04  to  NaH^PO*). 

Impairment  of  renal  function.  In  nephritis,  the  commonest 
type  of  kidney  disease,  a  proportion  of  the  renal  glomeruli  are 
the  seat  of  an  acute  or  chronic  inflammatory  process.  Some  or 
all  of  the  capillary  loops  in  the  diseased  glomeruli  are  destroyed 
and,  as  a  consequence,  the  filtering  surface  of  the  kidney  is  re¬ 
duced.  When  the  glomerular  destruction  is  extensive,  serious 
impairment  of  renal  function  results.  The  reader  will  recall 
that  the  tubules  are  supplied  with  blood  which  has  previously 
traversed  the  glomerular  capillaries.  It  follows,  therefore,  that 
glomerular  damage  must  inevitably  interfere  with  the  nourish¬ 
ment  of  the  tubules,  with  consequent  impairment  of  their 
power  of  selective  reabsorption  and,  in  consequence,  to  con¬ 
centrate  the  filtrate.  The  urine  is,  therefore,  much  more  dilute, 
as  a  rule,  than  normal.  It  has  been  mentioned  that  the  specific 
gravity  of  the  urine  in  chronic  nephritis  cannot  be  raised  above 
1. 010  or  so.  Nor  can  it  be  lowered  much  below  this  level  by 
drinking  a  large  volume  of  water. 

The  chief  manifestations  of  kidney  disease  are  (i)  the  reten¬ 
tion  in  the  blood  of  nitrogenous  waste  products,  e.g.,  urea,  uric 
acid,  creatinine,  as  well  as  of  phbsphates  and  sulphates,  (2)  im¬ 
paired  excretion  of  water,  (3)  protein,  casts,  and  perhaps  blood 
in  the  urine,  (4)  edema,  (5)  high  blood  pre^re  (see  p.  153) 
and  (6)  acidosis,  in  the  later  stages  of  the,  diseased  ^ 

In  severe  nephritis  the  concentration  in  tb^e  plasma  of  urea 
and  the  other  wastes  mentioned  above  may  jbe  several  times 
greater  than  in  health.  The  difficulty  in^jhaj^etion  of  water 
is  shown  by  giving  the  subject  a  quart/6r  so  of  water  to  drink 
and  measuring  the  urine  output  hourly  for  a  few  hours  there¬ 
after.  The  normal  person  excretes  all  the  ingested  water  within 
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from  2  to  4  hours,  but  when  the  kidneys  are  seriously  damaged 
only  a  part  of  the  water  is  excreted  by  the  end  of  4  hours. 

Normal  urine  is  free  from  protein,  but  in  kidney  disease 
large  quantities  may  appear.  It  is  derived  from  the  plasma. 
The  diseased  glomerular  membrane  permits  the  passage  of 
serum  albumin  and  smaller  quantities  of  serum  globulin  (whose 
molecule  is  larger  than  that  of  albumin) ;  fibrinogen,  on  the 
other  hand,  which  has  a  larger  molecule  than  those  of  the  other 
plasma  proteins,  does  not  escape  into  the  urine.  When  the  loss 
of  protein  in  the  urine  is  excessive,  its  concentration  in  the 
plasma  is  reduced.  The  osmotic  pressure  of  the  latter  falls  in 
consequence,  and  edema  results  (see  p.  64) . 


Micturition  or  the  Voiding  of  Urine 

The  tubules  of  the  kidney  empty  through  a  number  of  short 
ducts  into  a  funnel-shaped  membranous  structure  called  the 
pelvis  (basin)  of  the  Sidney.  A  narrow  duct,  containing  smooth 
muscle  in  its  walls  and  called  the  ureter,  conveys  the  urine  from 
the  kidney  pelvis  to  the  urinary  bladder.  The  urine  is  pro¬ 
pelled  along  the  ureter  by  peristaltic  contractions;  it  enters  the 
bladder  in  jets  which  occur  at  the  rate  of  from  i  to  5  per  minute. 

The  urinary  bladder  serves  as  a  reservoir  for  the  urine.  It  is 
a  hollow  muscular  organ  lined  by  modified  stratified  epithe¬ 
lium.  It  has  a  maximum  capacity  of  from  a  half  to  one  pint. 
The  most  dependent  part  of  the  bladder  leads  into  the  urethra, 
tlxrough  which  the  urine  is  passed  to  the  exterior.  This  junc¬ 
tion  of  the  bladder  with  the  urethra  is  guarded  by  a  collection 
of  OTCularly  arranged  smooth  muscle  fibers,  called  the  internal 
vested  sphincter.  A  little  above  and  behind  the  urethral  dpen- 
mg  the  bladder  waU  is  pierced  obliquely  by  the  ureters.  The 
tnmgular  area  of  the  bladder  wall  marked  off  by  the  urethra 
^d  the  two  ureteral  openings  is  called  the  trigone.  The  muscle 
form^  the  rest  of  4e  bladder  wall  is  called  the  detrusor  mus- 
de.  ^e  caliber  of  the  first  inch  or  so  of  the  male  urethra  is  con- 
troUed  by  striated  nauscle,  wHch  is  generally  referred  to  as  the 

CXtCTUid  VCStCol  SphlfiCtCT^ 
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Fig.  7-8  Sketch  of  kid 


mical  contractions  of  the  dei 
to  the  tension  exerted  upon 
are  weak  at  first,  but  gradi 
volume  increases  culminate 
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contractions  of  the  internal  sphincter  induced,  by  an  effort  of 
the  will.  Thus,  the  reflex  mechanisms  can  be  restrained  until 
an  opportunity  for  voiding  the  urine  presents  itself.  The  re¬ 
straint  is  then  removed,  and  the  contractions  of  the  bladder 
wall  which  ensue  are  reinforced  by  voluntary  nerve  impulses 
transmitted  along  the  motor  nerves  supplying  the  detrusor  mus¬ 
cle.  A  rise  in  intra-abdominal  pressure,  due  to  contractions  of 
the  abdominal  muscles  and  fixation  of  the  diaphragm  in  the 


Fig.  7-9  Curve  of  pres- 

sure  changes  in  the  hu- 
nian  bladder  during  fiH- 
ing  {upper  curved  and 
emptying  {lower  curve). 
Note  that  the  internal 
pressure  shows  little 
permanent  increase  until 
the  volume  of  fluid 
amounts  to  more  than  200 
cc.  (Denny-Brown  and 
Robertson.) 


inspiratory  position,  usually  precedes  and  accompanies  the  act 
of  micturition.  However,  a  voluntary  movement  of  this  char- 
acter  is  not  essential,  the  bladder  mechanism  being  capable  it¬ 
self  of  expelling  the  urine. 

The  motor  fibers  to  the  detrusor  muscle,  and  the  inhibitory 
fibers  to  the  mternal  sphincter  and  trigone,  are  derived  from  the 
parasympathetic  division  of  the  autonomic  nervous  system 
tagh  the  pelvic  nerves  (second,  third,  and  fourth  sacral  seg¬ 
ments).  These  fibers  are  peculiar  in  that,  as  indicated  abov^ 

The  sympathetic  division  of  the  autonomic  nervous  system 
exerts  an  opposite  effect  upon  the  movements  of  the  bladder 

t  nerves  it  transmits  inhibitory  impulses 

to  die  detrusor  muscle  and  motor  impulses  to  tS  Xn 
sphmcter  and  trigone  (PL  7).  internal 

The  external  sphincter  of  the  male,  which  is  composed  of 
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Striated  muscle,  is  supplied ‘with  motor  fibers  through  the  pu¬ 
dendal  nerves.  The  afferent  nerves  of  the  reflex  arc  governing 
micturition  run-  mainly  in  the  pelvic  nerves. 

The  centers  of  the  micturition  reflex  are  situated  in  the  mid¬ 
brain,  pons,  and  sacral  part  of  the  spinal  cord  (second,  third,  and 
fourth  sacral  segments).  Micturition  is  carried  out  through 
the  spinal  center  when  the  cord  is  severed  above  the  sacral  re¬ 
gion.  Even  after  destruction  of  the  spinal  center,  the  bladder 
empties  automatically,  its  movements  being  then  brought  about 
through  the  nerve  plexuses  in  close  relation  to  the  bladder  wall. 

The  nervous  mechanisms  through  which  restraint  is  exer¬ 
cised  in  the  control  of  micturition  —  that  is,  the  inhibition  of 
the  micturition  reflex  —  is  late  in  developing  to  the  state  of  ef¬ 
ficiency  where,  as  in  a  healthy  adult,  the  urine  can  be  retained 
in  even  an  uncomfortably  distended  bladder.  In  infants,  urine 
is  voided  involuntarily  with  apparently  no  effort  being  made 
at  restraint.  In  young  children,  though  there  is  complete  con¬ 
trol  of  the  act  of  urination  during  the  day,  the  emptying  of  the 
bladder  during  sleep,  ''bed-wetting''  or  fiocturnal  enuresis,  as 
it  is  called,  is  of  common  occurrence.  The  age  at  which  re¬ 
straint  is  fully  developed  —  at  night  as  well  as  during  the  day 
—  varies  with  the  nervous  constitution  of  the  child  and  with 
his  training,  but  is  usually  established,  except  for  an  occasional 
lapse  under  unusual  circumstances,  at  3  years.  In  persons  of 
neurotic  disposition  nocturnal  enuresis  may  persist  into  adult 
life,  and  in  the  feeble-minded  restraint  may  fail  to  be  exercised 
either  during  sleep  or  in  the  waking  hours. 


Chapter  8 

DIGESTION 


The  alimentary  or  digestive  tract  comprises  the  mouth,  pharynx, 
esophagus  (or  gullet),  stomach,  and  intestines.  The  pharynx 
receives  the  food  from  the  mouth  and  transfers  it  to  'the 
esophagus,  along  which  it  is  conveyed  to  the  stomach.  The  stom¬ 
ach  evacuates  its  contents  into  the  small  intestine  which  dis¬ 
charges,  in  turn,  into  the  large  intestine  (see  Fig.  8-i).  A  de¬ 
scriptive  outlme  of  the  structure  of  each  part  of  the  digestive 
tract,  in  so  far  as  a  knowledge  of  structure  is  necessary  for  an  un- 
derstandmg  of  function,  will  be  given  in  the  section  dealing 
with  the  physiology  of  that  particular  part. 

The  various  processes  carried  on  in  alimentary  tract  which 
ring  about  the  physical  and  chemical  changes  in  the  food  — 
mechanical  disintegration,  the  decomposition  of  large  mole 

sorpnon  of  these  into  the  blood -are  all  embraced  under  the 

digestion.  Digestion  involves,  therefore,  mechanical  fac¬ 
tors  (mastication  swallowing,  and  the  movements  of  the  aas- 
tromtestinal  tract)  as  well  as  chemical.  Digestion  in  the  dif 
ferent  parts  of  the  alimentary  tract  will  be  described  in  orde^ 
commencing  with  the  mouth.  In  each  instance,  a  description 
of  the  chemical  changes  which  the  food  undergoes  during  the 
digestive  process,  and  of  the  nervous  and  hormonal  mfcha 
msms  controlling  secrftion  of  the  digestive  juices  will  be  fol 

Sion,  first  of  all,  a  general  account  of  ferments  or  enzxmee  ' 

th"  '7°'* 

digestive  tube  are  largely  composed,  must  be  given 
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Fig.  8-1  Diagram  of 
gastrointestinal  tract.  A, 
esophagus;  B,  stomach;  C, 
pancreas;  D,  duodenum; 
E,  ascending  colon;  F, 
cecum;  G,  transverse  co¬ 
lon;  H,  descending  colon; 

1,  pelvic  colon;  J,  rectum; 

K,  interna!  anal  sphinctef ; 

L,  external  anal  sphincter; 

M,  anal  canal;  i,  fundus; 

2,  pyloric  part;  3,  pylorus; 
4,  cut  end  of  jejunum;  5, 
opening  of  ileum  into  ce¬ 
cum  guarded  by  the  ileo¬ 
colic  sphincter.  Coils  of 
small  intestine  between  4 
and  5  excised. 


Enzymes  (G.  zyme  =  yeast)  or  Ferments  and  Thetr 
Action 

These  substances,  e.g.,  the  ptyalin  o£  saliva,  the  pepsin  of  gas¬ 
tric  juice,  and  the  trypsin  of  pancreatic  juice,  are  responsible  for 
the  chemical  changes  which  the  food  undergoes  during  diges¬ 
tion.  The  chemical  changes  comprise  the  breaking  up  of  the 
large  molecules  of  carbohydrates,  proteins,  or  fats  into  smaller 
molecules  which  are  able  to  pass  through  the  intestinal  mucosa 
into  the  blood  stream.  The  chemical  process  is  called  hydrol¬ 
ysis  since,  as  a  preparatory  step  to  the  splitting  of  thp  larger 
molecules,  a  molecule  of  water  is  taken  up.  Thus,  the  cleavage 
of  a  molecule  of  maltose  into  two  of  glucose  is  represented  by 
the  following  equation: 
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Ci2H220n  +  H2O  =  C6H12O6  +  C6H12O6 

maltose  water  glucose  glucose 

Such  reactions,  in  order  to  be  accomplished  by  the  ordinary 
chemical  methods  of  the  laboratory,  require  the  use  of  strong 
reagents,  and  usually  a  high  temperature.  The  digestive  fer¬ 
ments  act  at  a  relatively  low  temperature  (that  of  the  body),  and 
without  the  aid  of  strong  chemicals. 

It  is  not  only  the  chemical  reactions  involved  in  digestion  that 
are  dependent  upon  enzyme  action.  These  substances  are  con¬ 
cerned  m  the  great  majority  of  chemical  reactions  which  occur  in 
the  tissues  of  both  animals  and  plants,  and  upon  which  the  prop¬ 
erties  of  living  matter  depend.  Enzymes,  or  at  least  the  great 
majority  of  them,  are  protein  in  nature.  Though  produced  by 
living  cells,  they  do  not  all  require  the  presence  of  cells  in 
order  to  act.  Certain  enzymes  of  yeast,  for  example,  when  ex¬ 
pressed  from  the  yeast  cells,  are  capable  of  exerting  their  usual 
ettect  —  the  conversion  of  sugar  to  alcohol. 

Several  theories  have  been  put  forward  to  explain  the  manner 
in  which  enzymes  act,  but  none  can  be  said  to  have  been  defi¬ 
nitely  established.  However,  many  facts  are  known  concerning 
the  action  of  enzymes  which  indicate  that  they  belong  to  the 
group  of  substances  known  in  chemistry  as  catalysts.  Now  a 
catalyst  mcreases  the  velocity  of  a  chemical  reaction,  but  does  not 
actually  mitiate  the  reaction.  Nor  does  a  catalyst  become  altered 

a  specific  instance  of  catalvtic  arrin..  S  wnatever.  Lo  take 

very  .mall  amoun.  of  hydfochlonc  aS  Tfe  “ 

CacoOCfl.  +  HOH 

ric  acid  acid  1  l  1  ethyl  wafpr 

alcohol  3,^4^ 
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It  will  be  seen  from  this  equation  that  the  hydrochloric  acid 
does  not  enter  into  the  reaction.  The  latter,  as  shown  by  the 
arrows,  is  reversible.  That  is,  the  combination  of  acetic  acid 
with  ethyl  alcohol  to  form  ethyl  acetate  is  accompanied  by  a 
reaction  in  the  opposite  direction,  namely,  the  breakdown  of 
ethyl  acetate  into  acetic  acid  and  ethyl  alcohol.  When  the  veloci¬ 
ties  of  these  two  opposing  reactions  are  equal,  a  state  of  equilib¬ 
rium  has  been  reached.  If  the  concentration  of  ethyl  acetate  is 
raised  the  velocity  of  the  reaction  on  the  left  is  increased,  that  is, 
the  reaction  shifts  to  the  left  until  equilibrium  is  reached  again ; 
if  the  concentrations  of  acetic  acid  and  ethyl  alcohol  are  raised, 
the  reaction  shifts  to  the  right.^  The  hydrochloric  acid  increases 
the  velocity  of  the  reaction  in  either  direction;  it  is  an  inorganic 
catalyst.  Enzymes  act  in  the  same  way ;  they  are  therefore  or¬ 
ganic  catalysts — that  is,  catalysts  formed  by  living  organisms. 
It  should  be  pointed  out  that  both  types  of  catalyst  exert  their 
effects  in  very  low  concentrations;  a  small  quantity  of  ptyalin, 
for  example,  will  convert  a  relatively  large  quantity  of  starch  to 
maltose ; a  little  leaven  leaveneth  the  whole  lump.” 

Enzymes  differ  in  one  important  respect  from  most  of  the  in¬ 
organic  catalysts  in  being  absolutely  specific  in  their  actions. 
Ptyalin,  for  example,  acts  upon  starch,  but  has  no  effect  whatso¬ 
ever  upon  proteins  or  fats;  pepsin  converts  protein  to  proteoses 
and  peptones,  but  has  no  action  upon  the  other  two  types  of 
foodstuff. 

Reversibility  of  enzyme  action.  The  actions  of  most  enzymes 
are  reversible.  That  ,  is  to  say,  after  catalysing  a  certain  reac¬ 
tion,  they  can  drive  that  reaction  in  the  opposite  direction  and 
cause  the  reverse  effect.  This  is  indicated  in  the  equation 
shown  above,  and  has  already  been  noted  for  carbonic  anhy- 
drase  (p.  319).  But  in  the  case  of  the  digestive  enzymes  and 
many  others,  reversibility  of  action  does  not  occur  in  the- body 
to-  any  appreciable  degree,  though  it  can  be  demonstrated  in 
vitro.  It  has  been  shown,  for  example,  that  pepsin  (p.  338)  . 

^  These  facts  are  embodied  in  the  law  of  mass  action  which  states  that  “  the 
velocity  of  a  chemical  reaction  is  proportional  to  the  concentrations  of  the  reacting 
substances.” 
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can  synthesize  a  protein-like  substance  from  a  solution  contain¬ 
ing  a  mixture  of  amino-acids. 

Conditions  which  influence  the  action  of  enzymes,  i.  En¬ 
zymes  act  with  maximum  efEciency  at  a  certain  temperature 
{optimum  temperature).  Lowering  the  temperature  below,  or 
raising  it  above  this  level,  slows  the  reaction.  There  is  a  certain 
definite  temperature  for  each  enzyme  at  which  it  acts  at  maxi¬ 
mum  efficiency.  The  digestive  and  other  enzymes  of  animals 
act  best  around  the  temperature  of  the  body.  A  high  degree  of 
heat  (above  6o°  C.)  permanently  abolishes  their  action. 

2.  Hydrogen  ion  concentration.  The  optimum  pH  for  the 
different  enzymes  varies  widely.  For  pepsin  it  is  around  1.5,  for 
pancreatic  amylase  about  7.0.  The  former  enzyme  is  inactive 
in  an  alkaline  medium,  the  latter  in  a  strongly  acid  medium. 

3.  Inorganic  salts.  Enzyme  action  is  profoundly  affected  by 
certain  ions,  notably  chloride  which  is  necessary  for  the  activa- 
tion  of  the  amylases.  Magnesium  accelerates  greatly  the  action 
of  phosphatase,  and  trypsin  is  activated  by  calcium.  Iron  is  es¬ 
sential  for  the  action  of  certain  respiratory  enzymes  in  the  tis¬ 
sues.  Substances  such  as  these,  which  activate  or  enhance  the 
action  of  enzymes,  are  called  co-enzymes. 

4-  Poisons.  Mercury,  gold,  copper,  and  several  other  heavy 
metals  exert  a  strongly  toxic  effect  owing,  apparently,  to  their 
combinmg  with  the  enzyme.  Cyanides  abolish  the  action  of 
oxidizmg  enzymes  of  the  tissues  (p.  289).  Fluorides,  bromine 
lodm^  and  chloroform  are  also  toxic  for  some  enzymes. 

5.  The  products  oj  the  enzyme  reaction.  It  has  been  men¬ 
tioned  (p.  319)  that  an  enzyme  reaction  comprises  two  proc- 

ously.  As  the  equilibrimn  point  is  approached  the  velocity  of 
sZn' of  T  For  example,  in  the  conler- 

veLL  Zth  “  concentration  of  maltose  Leases. 

broken  down  m  a  given  time  ,ust  balances  the  quantity  resvm 
fcsiaed  In  other  words,  the  enayme  reaction.  toL  inSi3 
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purposes,  ceases  as  a  result  of  the  accumulation  of  its  own  prod¬ 
ucts.  If  more  starch  (substrate)  is  added,  the  reaction  starts 
again  and  continues  until  equilibrium  is  again  reached. 

Nomenclature.  The  material  upon  which  an  enzyme  acts 
is  called  the  substrate,  and  it  is  now  the  practice  to  derive  the 
name  of  the  enzyme  by  adding  the  suffix  ''  ase to  the  name  of 
its  substrate.  For  example,  an  enzyme  which  hydrolyzes  starch 
is  called  an  amylase  (L.  =  starch),  one  which  acts 

upon  protein  a  proteinase,  and  on  fat  a  lipase  (G.  /i/?<9r  =  fat). 
Amyolytic  (starch-splitting) ,  proteolytic  (protein-splitting), 
and  lipolytic  (fat-splitting)  are  corresponding  terms  used  to  de¬ 
note  the  respective  actions  of  these  three  types  of  enzyme.  In 
some  instances  the  name  of  the  enzyme  is  coined  by  suffixing 
ase ''  to  the  name  of  the  reaction  which  it  brings  about.  Thus 
an  enzyme  which  causes  deaminations  (p.  396)  is  called  a 
deaminase,  and  an  oxidizing  enzyme  an  oxidase. 

Names  were  given  to  certain  digestive  enzymes  before  the 
system  of  terminology  just  outlined  had  come  into  use.  The 
ferment  of  the  saliva,  for  example,  has  long  been  known  as 
ptyalin.  Pepsin  of  the  gastric  juice,  and  trypsin  (protein¬ 
splitting  enzymes),  amylopsin  (starch-splitting  enzyme),  and 
steapsin  (fat-splitting  enzyme)  given  to  the  ferments  of  pan¬ 
creatic  juice  are  also  old-established  names.  Corresponding 
terms  in  the  new  system  are  salivary  amylase,  gastric  proteinase, 
and  pancreatic  proteinase,  amylase,  and  lipase. 

The  physiological  properties  of  smooth  (nonstriated)  muscle. 
Smooth  muscle  differs  from  skeletal  muscle  in  the  following 
respects:  (a)  slower,  more  sluggish  contraction,  (b)  greater 
extensibility,  (c)  the  exhibition  of  a  sustained  contraction  or 
tonus  for  long  periods,  even  though  separated  from  the  central 
nervous  system,  (d)  the  power  of  rhythmical  contraction,  (e) 
the  possession  of  a  double  autonomic  innervation  (parasympa¬ 
thetic  and  sympathetic),  (f)  greater  sensitivity  to  thermal  and 
chemical  influences  and  to  certain  types  of  mechanical  stimula¬ 
tion,  such  as  stretching,  but  a  lower  excitability  to  electrical 
stimulation. 

Tonus  of  smooth  muscle  may  be  defined  as  the  steady  sus- 


DIGESTION 


322 

taifled  contraction  through  which  the  muscle  offers  resistance 
to  a  stretching  force.  The  rhythmical  contractions  are  super¬ 
imposed  upon  the  tonus  state  which  may  vary  independently  of 
the  rhythmical  contractions  themselves.  The  tonic  contraction 
of  smooth  muscle  is  associated  with  a  negligible  expenditure  of 
energy.  It  is  relatively  insusceptible  to  fatigue;  heat  produc¬ 
tion  and  electrical  changes  are  not  detectable;  and  a  rise  or  fall 


Fig.  8-2  Diagram  to  illustrate  the  manner  in  which  muscle  fibers  may 
slide  over  one  another  and  increase  the  capacity  of  a  hollow  organ. 
The  upper  group  of  four  muscle  cells  (i  to  4)  is  from  a  hollow  organ 
whose  walls  are  contracted  and  its  cavity  almost  obliterated;  the  lower 
group  are  the  same  muscle  fibers  when  the  organ  is  full.  (Redrawn 
from  Grutzeer.) 

in  the  degree  of  tonus  is  not  accompanied  by  a  corresponding 
change  in  oxygen  consumption. 

Certain  hollow  organs  such  as  the  stomach  and  urinary 
bladder  and,  to  a  less  degree,  the  intestines,  have  the  remark¬ 
able  ability  to  enlarge  when  their  contents  are  considerably  in¬ 
creased  without  showing  any  rise  in  internal  pressure.  The 
tone  of  the  muscle  composing  the  walls  of  these  organs  becomes 
adjusted  automatically  to  the  distending  force.  This  postural 
tone,  as  it  is  called,  is  very  difficult  to  explain.  It  is  possible  that, 
in  the  stomach  at  any  rate,  the  individual  fibers  which  are 
disposed  in  layers,  instead  of  being  lengthened  by  the  stretch¬ 
ing  force,  simply  slide  over  one  another,  the  wall  of  the  organ 
thus  being  increased  in  area,  but  reduced  in  thickness.  This 
could  occur  with  little  strain  being  placed  upon  the  fibers  them¬ 
selves.  In  Figure  8-2  will  be  found  a  diagram  illustrating  the 
manner  in  which  this  might  occur. 
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Digestion  in  the  Mouth 

The  structure  of  the  salivary  glands.  Saliva  is  secreted  by 
three  pairs  of  glands,  the  submaxillary,  sublingual,  and  parotid 
glands.  The  submaxillary  glands  are  situated  beneath  the  floor 
of  the  mouth  in  close  relation,  one  on  either  side,  with  the  mncr 


Fig-  8-3  Showing  the  salivary  glands  of  one  side. 


aspect  of  the  lower  jaw  (mandible).  The  submaxillary  secre- 

tion  reaches  the  cavity  of  the  mouth  through  the  duct  of  Whar¬ 
ton,  which  opens  beneath  the  tongue.  The  sublingual  glands 
also  lie  below  the  floor  of  the  mouth,  but  nearer  the  mid-line. 
Each  sublingual  gland  pours  its  secretion  into  the  mouth  be¬ 
neath  the  tongue  through  a  number  of  small  ducts  —  ducts  of 
Rivinus  and  of  Bartholin.  The  parotid  gland  lies  below  the 
ear,  behind  and  overlapping  the  vertical  part  of  the  mandible 
(jaw-bone) .  Its  duct  —  the  duct  of  Stenson  —  opens  upon  the 
inner  aspect  of  the  cheek  opposite  the  second  upper  molar 
tooth  (see  Fig.  8-3). 

The  salivary  glands  are  composed  of  cells  arranged  in  small 
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groups  around  a  central  cavity  called  the  alveolus  or  acinus. 
The  alveoli  are  drained  by  fine  ducts  which  join  with  those 
from  neighboring  alveoli  to  form  larger  channels.  Through 
the  successive  junctions  of  smaller  ducts  and  the  formation  of 
larger  ones,  the  secretion  is  directed  into  the  main  secretory 
duct  or  ducts  (Fig.  8-4).  This  alveolar  arrangement  of  the 
cells  and  the  system  of  ducts  of  the  salivary  glands  suggest  a 
bunch  of  grapes.  To  these  and  other  glands  (e.g.,  the  pan- 


Fig.  8-4  Showing  the 
plan  of  a  racemose  gland 
such  as  the  salivary  (dia¬ 
grammatic).  The  small 
globular  structures  are  al¬ 
veoli  or  acini,  some  of 
which  are  represented  as 
having  been  cut  across. 


creas),  showing  a  similar  pattern,  the  vtim  racemose  (L.  race- 
mus,  a  bunch  of  grapes)  is,  therefore,  applied. 

The  cells  of  the  salivary  glands  are  of  two  serous  and 

mucous.  The  secretion  of  the  former  type  is  thin  and  watery; 
that  of  the  latter  type  contains  mucin,  and  is  therefore  thicker, 
and  more  slimy  and  viscous.  The  parotid  gland  is  composed 
entirely  of  serous  cells,  whereas  the  cells  of  the  sublingual  gland 
are  predominantly  of  the  mucous  type,  serous  cells  being  scarce. 
The  submaxillary  gland  contains  both  serous  and  mucous  cells 
in  about  ecjual  proportions,  the  two  types  being  seen  in  many 
instances  in  the  wall  of  the  same  alveolus.  The  serous'cells  are 
then  found  on  the  outer  side  of  the  mucous  cells  which,  there¬ 
fore,  lie  between  them  and  the  -atveolar  cavity.  The  serous  cells 
form  crescentic  bodies  known  as  the  demilunes  of  Gianuzzi 
situated  on  the  outer  aspect  of  the  mucous  cells  (Fig.  8-5). 

The  control  of  salivary  secretion.  The  salivary  glands  are 
under  the  control  of  the  autonomic  (involuntary)  nervous  sys¬ 
tem,  receiving  fibers  from  both  parasympathetic  and  sympa¬ 
thetic  divisions  of  this  system.  The  parasympathetic  fibers  to 
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the  submaxillary  and  sublingual  glands  arise  from  a  center  — 
the  superior  salivatory  center — in  the  pons;  they  leave  the 
brain  in  the  facial  nerve  and  are  conveyed  in  the  chorda  tym- 
pani  branch  of  the  latter  nerve  to  the  cavity  of  the  mouth. 
Here  they  join  the  lingual  nerve  which  transmits  them  to  the 
floor  of  the  mouth  where,  separating  again  from  the  lingual 


SEROUS  CELL 
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Fig.  8-5  Microscopical  section  of  a  submaxiliary  salivary  gland,  show¬ 
ing  mucous  cells  and  demilunes  of  Gianuzzi. 

fibers  they  make  connections  with  ganglion  cells  situated  in 
close  relationship  with  the  sublingual  gland,  or  within  the 
substance  of  the  submaxillary  gland  (see  Fig.  8-6).  Postgan¬ 
glionic  fibers  —  the  axons  of  the  ganglion  cells  —  pass  to  the 
secreting  cells. 

The  chorda  tympani  nerve  also  carries  vasodilator  fibers 
(p.  603)  to  the  glands  and  taste  fibers  to  the  anterior  two-thirds 
of  the  tongue.  The  posterior  third  of  the  tongue  receives  taste 
fibers  through  the  glossopharyngeal  nerve.  The  submaxillary 
and  sublingual  glands  receive  as  well  secretory  and  vasocon¬ 
strictor  fibers  from  the  sympathetic  plexus  investing  the  neigh¬ 
boring  branches  of  the  external  carotid  artery.  The  parotid 
gland  derives  secretory  and  vasodilator  parasympathetic  fibers 
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Fig.  8.6  Diagram  of  the  nerve  supply  of  the  salivary  glands  S-S-N 
superior  salivatory  nucleus;  I-S-N,  inferior  salivatory  nucleus;  S-G,  sut 

niaxillaij  ganglion;  T-P,  tympanic  plexus. 

trough  the  tympanic  branch  of  the  glossopharyngeal  nerve. 

medulla  oblongata  called  the  mferior  salimiory  LclL.  Vaso¬ 
constrictor  fibers  to  the  parotid  gland  are  derived  from  the 
sympathetic. 

Stimulation  of  either  the  parasympathetic  (chorda  tympani) 
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fibers  or  of  the  sympathetic  fibers  to  the  submaxillary  or  sub¬ 
lingual  gland  causes  a  secretion  of  saliva.  secretion  re¬ 

sulting  from  parasympathetic  stimulation  is,  in  most  animals, 
profuse  and  vt'atery  in  consistency ;  sympathetic  stimulation,  on 
the  contrary,  causes  a  scanty  secretion  of  a  thick  and  slimy 
mucinous  juice.  Apparently,  then,  the  parasympathetic  fibers 
innervate  the  serous  cells,  and  the  sympathetic  fibers  the  mu¬ 
cous  cells.  Stimulation  of  the  parasympathetic  fibers  to  the 
parotid  gland  causes  likewise  a  profuse  watery  secretion, 
whereas  no  obvious  secretion  follows  stimulation  of  the  sym¬ 
pathetic. 

Under  natural  conditions,  the  secretion  of  saliva  is  a  reflex 
phenomenon  brought  about  usually  by  the  stimulation  of  the 
taste  fibers  in  the  mouth.  But  stimulation  of  the  ordinary  sen¬ 
sory  nerves  in  the  mucosa  of  the  mouth  —  that  is,  those  fibers  con¬ 
veying  sensations  of  touch,  pain,  and  temperature  —  evokes  a 
flow  of  saliva.  We  are  all  familiar  with  the  salivation  which 
results  from  moving  some  tasteless  object  around  in  the  mouth, 
or  from  the  manipulations  of  the  dentist.  Indeed,  secretion  of 
saliva  may  follow  stimulation  of  almost  any  afferent  nerve  in 
the  body.  In  animals  stimulation  of  the  central  cut  end  of 
the  sciatic  nerve  excites  salivary  secretion  and,  in  man,  irritation 
of  the  nerves  of  the  stomach  or  esophagus,  in  diseased  states,  is 
not  uncommonly  a  cause  of  troublesome  salivation. 

Salivary  reflexes  are  of  two  types.  The  salivary  response 
evoked  by  the  introduction  of  material  into  the  mouth  is  called 
an  unconditioned  reflex.  But  it  is  well  known  that  salivation 
very  often  results  from  the  sight,  smell,  or  even  the  thought  of 
food.  We  often  hear  a  person  say  that  his  “  mouth  waters  ” 
when  he  sees  or  smells  appetizing  food.  The  response  follow¬ 
ing  such  forms  of  stimulation  is  called  a  conditioned  reflex. 
The  unconditioned  reflex  is  inborn;  it  can  be  elicited  immedi¬ 
ately  after  birth.  The  conditioned  reflex,  on  the  contrary,  de¬ 
pends  upon  experience.  In  order  for  it  to  become  established 
an  association,  upon  some  previous  occasion,  must  have  been 
formed  in  the  mind  between  sensations  received  through  the 
nerves  of  taste  and  those  gained  through  some  other  sense  or- 
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gan,  e.g.,  eye,  nose,  ear,  etc.  We  need  say  no  more  here  of  this 
type  of  reflex;  it  will  be  considered  in  more  detail  in  Chapter  12. 

The  characters,  quantity,  and  composition  of  saliva.  Nor¬ 
mal  human  saliva  as  collected  from  the  mouth  (i.e.,  mixed 
saliva,  containing  secretions  of  all  six  glands,  as  well  as  ^the 
secretion  of  the  small  mucous  glands  scattered  diffusely  over 
the  mucosa  of  the  mouth)  is  slightly  acid  in  reaction,  varying 
between  pH  6.35  and  6.85.  Its  specific  gravity  is  between  1.002 
and  1.008.  The  average  adult  secretes  from  1200  cc.  to  1500  cc. 
of  saliva  in  24  hours.  The  composition  of  saliva  is  given  in  the 
following  table. 


TABLE  17 

1.  Salts  (approximately  0.2  per  cent) 

Sodium  and  potassium  chloride 
Sodium  bicarbonate 
Acid  and  alkaline  sodium  phosphates 
Calcium  carbonate  and  calcium  phosphates 
Potassium  sulphocyaiiate  (thiocyanate) 

IL  Gases 


Carbon  dioxide  and  oxygen 
III.  Organic  substances 

Ptyalin  (salivary  amylase) 

Maltase  ' 

Serum  albumin 
Serum  globulin 
Urea 

Mucin,  mainly  in  the  submaxillary  and  sublingual  secretions 

The  functions  ^  of  saliva,  i.  Digestive.  The  enzyme  of 
he  saliva acts  upon  starch.  The  starch  molecule 
«  split  mto  smaller  molecules  of  the  disaccharide,  maltose 
The  mpid  passage  of  the  food  through  the  mouth  precludes  the 
possibility  that  starch  is  acted  upon  here  to  any  appreciable 
extent  by  die  saliva.  Whether  starchy  food,  afterTftCoui 
imprecation  with  saliva,  undergoes  any  important  degree  of 
digestion  m  the  stomach  has  been  debated.  ^Ptyalin  /active 
in  an  alkaline  neutral,  or  faintly  acid  medium,  buds  inactivated 
by  strong  aod.  I,  was  thonght,  torforo,  Uri.  Ae  hTghlTadd 
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gastric  juice  would  prevent  or  soon  terminate  salivary  digestion. 
It  has  been  shown,  however,  that  the  latter  part  of  the  meal, 
w'hich  usually  contains  the  carbohydrate,  may  remain  in  the 
upper  part  (fundus)  of  the  stomach,  and  thus  be  protected  for 
some  time,  from  the  acidifying  action  of  the  gastric  juice,  by  the 
mass  of  food  ingested  previously.  For  this  reason  it  is  likely 
that,  under  favorable  circumstances,  the  salivary  digestion  of 
starch  may  proceed  for  a  considerable  period  after  food  has 
reached  the  stomach. 

If  boiled  starch  is  placed  in  a  test  tube  with  mixed  human 
saliva  and  kept  at  body  temperature,  a  slow  conversion  of  the 
starch  into  maltose  takes  place.  The  chemical  change  occurs 
in  a  series  of  stages  which  may  be  distinguished  by  the  manner 
in  w^hich  the  product  of  each  stage  reacts  with  iodine.  Iodine 
gives  a  characteristic  blue  color  wdth  boiled  starch.  A  short  time 
after  the  saliva  has  commenced  to  act,  a  physical  change  may 
be  seen  to  have  occurred  in  the  starch.  It  loses  its  opalescent 
appearance  and  becomes  soluble,  though  it  still  gives  the  blue 
color  wdth  iodine.  After  a  short  time  this  soluble  starch  be¬ 
comes  partially  broken  dowm,  being  converted  into  a  dextrin 
which,  since  it  gives  a  red  color  with  iodine,  is  known  as  eryth' 
rodextrin,-  Small  amounts  of  maltose  may  also  be  detected  at 
this  stage.  Still  later,  no  color  reaction  occurs  upon  the  addi¬ 
tion  of  iodine;  a  colorless  product  —  achroddextrin  —  has  been 
formed.  Finally,  the  starch  is  entirely  converted  into  maltose 
and  isomaltose.  In  the  final  stage,  traces  of  glucose  may  also 
appear,  due  to  the  presence  of  an  enzyme  maltase  present  in 
saliva  in  low  concentration  which  splits  the  disaccharide  malt¬ 
ose  (see  p.  402)  into  two  molecules  of  glucose.  The  following 
scheme  illustrates  the  action  of  ptyalin : 

Boiled  starch 

♦  + 

Soluble  starch 
I  ^  I 

Erythrodextrin  Maltose 

i  ^  I 

Achroodextrin  Maltose 

^1 

Isomaltose 


Maltose 


DIGESTION 


Ptyalin  has  no  action  upon  cellulose,  and  for  this  reason  the 
starch  must  be  cooked  in  order  to  rupture  the  cellulose  envelope 
surrounding  the  starch  grains. 

2.  Preparation  of  the  food  for  swallowing  by  altering  its 
consistency.  This  is  one  of  the  most  important  functions  of 
Ae  saliva;  the  food  is  moistened,  thus  enabling  it  to  be  rolled 
into  a  plasnc  mass,  which,  by  virtue  of  the  slimy  nature  of  the 
mucm  which  the  saliva  contains,  is  given  a  lubricant  coatina. 
Claude  Bernard  showed  that  a  horse  with  a  parotid  fistula  (the 
saliva  draining  to  the  outer  surface  of  the  cheek)  had  the  ut¬ 
most  difficulty  in  swallowing  dry  hay  or  oats. 

"^.  Solvent  action.  Taste  is  a  chemical  sense  (p.  700).  All 
solid  substances,  therefore,  in  order  that  they  shall  stimulate 
the  taste  buds,  must  be  dissolved  in  the  saliva. 

4.  Cleansing  action.  The  constant  flow  of  saliva  exerts  a 
very  necessary  cleansing  effect.  The  mouth  and  teeth  are 
rinsed  and  kept  comparatively  free  from  food  debris,  shed 
epithelial  cells,  foreign  particles,  etc.;  in  this  way  the  saliva 
tends  to  mhibit  the  growth  of  bacteria  by  removing  material 
which  may  serve  as  culture  media.  In  order  to  realize  how  im- 
pormt  Its  function  is  m  this  regard,  one  has  but  to  consider 
the  foul  condition  of  the  mouth  that  occurs  in  certain  fevers 
when  the  salivary  secretion  is  suppressed.  Then,  decomposing 
organic  material,  swarming  with  bacteria,  collects  upon  the 
teeth  and  lips,  and  must  be  removed  by  artificial  means,  e.ff.  bv 
wiping  with  moistened  gauze.  s  >  ; 

5;  Moistening  and  lubricating  action.  The  saliva,  by  mois- 
tenmg  ^d  lubricating  the  soft  parts  of  the  mouth  and  lips 
keeps  pliable  and  resilient  for  the  purposes  of  articuk- 
lon  Frequent  sips  of  water  are  almost  essential  for  some 
public  speakers  m  whom,  as  a  result  of  evaporation  from  the 
mouth  durmg  speech,  or  owing  to  nervousness  with  conse- 

cle  dt 

6.  Excretory.  Many  substances,  both  organic  and  inorganic 
iodide,  lead,  etc,  when  introduced  into  the  body,  are  excreted, 
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in  part,  by  the  saliva.  Severe  inaammation  of  the  oral  mucosa 
(stomatitis)  may  be  caused  by  the  excretion  through  this  route 
of  excessive  amounts  of  mercury.  The  blue  line  on  the  gum 
margins,  in  lead  poisoning,  is  due  to  the  metal  having  been 
excreted  in  the  saliva  and  deposited  as  the  sulfide.  The  sul¬ 
fur  is  provided  by  organic  material  contained  in  the  tartar 
formed  on  the  bases  of  the  teeth.  For  this  reason  the  discolora¬ 
tion  of  the  gum  does  not  occur  where  teeth  are  absent.  In 
chronic  nephritis  the  saliva  contains  a  high  percentage  of  urea; 
sugar  sometimes  appears  in  severe  diabetes;  and  in  parathyroid 
overdosage  the  calcium  concentration  of  the  saliva  is  elevated. 
Several  types  of  microorganisms,  some  intensely  virulent,  e.g., 
the  virus  of  hydrophobia,  are  excreted  in  the  saliva. 

Mastication.  This  act  comprises  the  movements  of  the  lower 
jaw,  tongue,  lips,  and  cheeks,  whereby  the  food  is  reduced  to  a 
soft  mass  which  can  be  easily  swallowed.  The  incisor  and  ca¬ 
nine  teeth  are  used  chiefly  for  tearing  the  food  and  breaking  it 
up  into  small  pieces,  the  molars  for  grinding  it.  The  move¬ 
ments  of  the  tongue,  lips,  and  cheeks  move  the  food  about  in 
the  mouth,  apply  pressure  or  suction  to  it,  and  introduce  fresh 
material  between  the  jaws.  The  whole  mass  thus  becomes 
thoroughly  impregnated  with  saliva.  The  jaw  movements  are 
brought  about  by  the  contractions  of  temporal,  masseter  and 
pterygoid  muscles,  all  of  which  are  supplied  by  the  third  divi¬ 
sion  of  the  trigeminal  (fifth  cranial)  nerve. 

Swallowing  or  deglutition.  The  act  of  swallowing  is  usually 
described  in  three  stages.  In  the  first  stage  the  masticated  food 
mass  or  bolus,  as  it  is  called,  is  placed  upon  the  tongue,  which 
is  then  drawn  sharply  backward  by  the  action  of  muscles, 
chiefly  the  mylohyoid,  attached  to  its  base.  The  food  is  thus 
projected  into  the  pharynx.  The  opening  into  the  pharynx, 
which  is  called  the  fauces,  is  limited  on  either  side  by  two  mus¬ 
cular  pillars  (the  pillars  of  the  fauces).  As  a  result  of  the  back¬ 
ward  movement  of  the  tongue,  which  at  the  same  time  presses 
against  the  hard  palate,  a  pressure  of  20  centimeters  of  water  is 
created  in  the  posterior  part  of  the  mouth  and  pharynx.  The 
first  stage  of  swallowing  is  a  voluntary  act. 
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In  die  second  stage  the  food  passes  through  the  pharynx. 
This  stage  is  very  brief.  The  muscles  of  the  pharyngeal  wall 
{constrictors  of  the  pharynx)  contract  and,  gripping  or  squeez¬ 
ing  the  food,  force  it  into  the  esophagus.  There  are,  however, 
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larynx  and  the  commencement  of 
""  ■»' 

thr«  other  paths  which  the  food  might  take -into  the  nose, 
mto  the  larynx,  or  back  again  into  the  month  (see  Fig  8-7) 
P^e^-enred  from  entering  the  nose  by  the  elevation 

atra^y  A  posterior  edge  of  the  latter  is  brought 

against  the  posterior  pharyngeal  wall,  thus  separating  the 

pharynx  from  the  posterior  entrance  to  the  nasal  cavities  This 
movement  rarely  fails  to  take  place  at  the  proper  time  b 
mal  persons,  but  in  the  paralysis  of  the  elevators  of  the  palate 
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which  sometimes  follows  diphtheria,  the  passage  of  liquids  into 
the  nose  during  swallowing  is  a  commoi^  occurrence.  The 
base  of  the  tongue,  which  continues  to  be  held  in  position 
against-  the  fauces,  and  the  approximation  of  the  muscles  form- 
ing  the  pillars  of  the  fauces  effectively  block  communication 
with  the  cavity  of  the  mouth.  Elevation  of  the  larynx,  which 
brings  its  opening  under  the  shelter  of  the  epiglottis  and  base  of 
the  tongue,  prevents  the  food  from  entering  the  air  passages. 
This  upward  movement  of  the  larynx  is  an  essential  part  of 
the  swallowing  act.  When,  as  a  result  of  disease,  the  larynx  is 
fixed,  swallowing  becomes  very  diflEcult  or  impossible.  When 
the  movement  is  not  accurately  timed  with  the  pharyngeal 
movements,  food  enters  the  larynx  and  excites  the  coughing 
reflex.  Everyone  at  some  time  or  another  has  experienced  this 
accident. 

A  short  inspiration  (inspiration  of  swallowing)  occurs  at  the 
commencement  of  the  first  stage;-  this  is  followed  by  complete 
inhibition  of  respiration,  which  persists  until  the  end  of  the 
second  stage. 

The  third  stage  is  occupied  in  the  passage  of  the  food  down 
the  esophagus  into  the  stomach.  In  man,  the  upper  two  thirds 
of  the  esophagus  is  composed  of  striated  muscle,  the  lower  part 
of  smooth  muscle.  The  food  is  carried  through  the  tube  by  a 
peristaltic  contraction  (p.  369)  of  the  muscular  wall,  the  passage 
of  food  being  much  more  rapid  through  the  upper  striated  por¬ 
tion  of  the  tube  than  through  the  lower  part.  The  esophagus 
of  the  dog  is  composed  throughout  of  striated  muscle,  which 
accounts  for  the  amazing  rapidity  with  which  this  animal  can 
swallow  food.  In  the  lower  end  of  the  esophagus,  —  that  is, 
where  it  opens  into  the  stomach  —  the  muscle  fibers  are  con¬ 
densed  to  form  the  cardiac  sphincter,^  The  sphincter  at  or¬ 
dinary  times  is  contracted;  but  it  relaxes  upon  the  approach 
of  the  food,  which  is  then  swept  into  the  stomach  by  the  peristal¬ 
tic  wave.  The  second  and  third  stages  of  the  swallowing  act 

-  A  Sphincter  is  a  circular  band  of  muscle  which,  acting  like  a  purse  string  when 
it  contracts,  serves  to  narrow  the  entrance  to,  or  outlet  from  certain  hollow  organs. 
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are  entirely  re£ex  in  nature,  i.e.,  involuntary.  The  reflex  is 
initiated  by  the  passage  of  the  food  through  the  fauces.  Affer¬ 
ent  nerve  endings  are  stimulated  by  the  contact  of  the  food  with 
the  mucosa  in  the  region  of  the  fauces  and  pharynx.  Of  course 
we  can  swallow  at  will,  even  though  no  food  is  in.  the  mouth! 
It  might  be  thought,  therefore,  that  it  was  not  correct  to  speak 
of  the  second  and  third  stages  of  swallowing  as  being  involun- 
tary.  But  when  one  wishes  to  swallow,  food  or  (if  the  mouth 
is  empty)  a  little  saliva,  by  a  movement  of  the  tongue,  is  passed 
backward,  to  act  as  a  stimulus.  Swallowing  then  occurs  auto¬ 
matically. 

Innervation  oj  the  swallowing  reflex.  The  afferent  fibers  of 
the  reflex  are  contained  in  the  branches  of  the  trigeminal,  glos¬ 
sopharyngeal,  and  vagus  nerves  supplying  the  mucous  mem¬ 
brane  in  the  region  of  the  fauces,  tonsil,  and  pharynx.  Tempo¬ 
rarily  abolishing  the  function  of  the  nerve  endings  in  these 
regions,  by  the  application  of  a  local  anesthetic  (e.g.,  cocaine)  to 
the  mucous  membrane,  renders  swallowing  impossible  for  a 
tinae.  The  chief  swallowing  center  is  situated  in  the  me¬ 
dulla  oblongata,  in  the  neighborhood  of  the  nucleus  of  the 
vagus.  The  efferent  fibers  travel  to  the  various  muscles  taking 
part  m  the  act,  by  the  hypoglossal  (to  the  muscles  of  the 
tongue),  by  the  trigeminal  (to  the  mylohyoid  muscle  in  the 
floor  of  the  mouth),  and  by  the  glossopharyngeal  and 
ne^cs  to  the  muscles  of  the  pharynx  and  esophagus. 

The  nervous  control  of  the  cardiac  sphincter  has  for  years 
been  a  question  of  some  dispute,  but  in  man,  at  any  xo.tl  the 
vagus  apprs  to  exert  an  inhibitory  effect  upon  the  muscle 
while  exatatory  fibers  are  of  sympathetic  origin.  It  sometimes 
happens,  though  rarely,  that  the  innervatio^  of  the  sphincter 
becomes  disordered,  the  sympathetic  being  overactive  (or  the 
vagus  undemctive).  The  muscle,  as  a  result,  remains  tonLuy 

TncrS  f  swallowing,  and  thus  prevents  the  easy  en¬ 
trance  of  food  mto  the  stomach.  Difficulty  in  swallowW  h 
experienced  and  the  esophagus  for  some  distance  above  Ae 
obstniction  becomes  distended  by  retained  food.  This  condi 
tion  IS  called  cardiospasm.  .  “  condi- 
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Digestion  in  the  St(^U£h_ 

General  description  of  the  stomach.  The  walls  of  the  stomach 
are  composed  of  smooth  muscle  fibers  arranged  in  three  layers 
—  longitudinal y  circular^  and  oblique  —  in  this  order  from  with¬ 
out  inwardj  and  a  lining  of  mucous  membrane.  The  mucous 


Fig.  8-8  Showing  rugae  in  the  mucous  membrane 
of  the  stomach. 


membrane  contains  the  gastric  glands;  its  surface  epithelium  is 
of  the  columnar  nonciliated  type.  When  empty,  the  stomach 
is  a  narrow  tubular  organ;  its  mucosa  is  thrown  into  numerous 
longitudinal  folds  called  rugae.  Its  contour  varies  somewhat  in 
different  persons,  but  most  commonly  bears  a  general  resem¬ 
blance  to  the  letter  J  (see  Figs.  8-8,  -9  and  -10).  The  vertical 
part  of  the  J  is  called  the  body;  the  upper  part  of  the  body  is 
expanded  into  a  domed  chamber  by  a  bubble  of  gas,  and  is 
called  the  fundus.  The  fundus  lies  in  contact  with  the  dia¬ 
phragm  which  intervenes  between  it  and  the  heart.  The  region 
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of  the  Stomach  corresponding  to  the  hook  of  the  J  is  named 
the  pyloric  part  {pars  pylorica).  Am  annular  band  of  muscle, 
the  pyloric  sphincter,  surrounds  the  opening  between  the  py¬ 
loric  part  and  the  duodenum  (first  10  inches  or  so  of  the  small 
intestine).  The  walls  of  the  empty  stomach,  except  in  the  re¬ 
gion  of  the  fundus,  are  in  contact,  but  the  food  after  passing 
through  the  cardia  presses  steadily 
downward,  separating  the  gastric  walls. 
As  the  organ  distends  it  becomes  pear- 
shaped;  its  rugae  become  flatter,  and, 
with  increasing  distension,  disappear. 
The  capacity  of  the  human  stomach  is 
from  one  to  one  and  a  half  quarts. 

The  gastric  glands  secrete  the  gastric 
juice.  They  are  scattered  diffusely  in 
large  numbers  throughout  the  gastric 
mucosa.  The  total  number  of  glands 
in  the  human  stomach  is  around  35,000,- 
000.  They  are  minute  tubular  or  flask¬ 
like  structures  which  open,  each  one' 
separately,  into  small,  narrow  pits  called 
foveolae  (sing,  foveola)  upon  the  inner 
(epithelial)  surface  of  the  stomach. 
The  cells  forming  the  walls  of  the 
glands  are  continuous  with  the  epithe¬ 
lium  covering  the  gastric  mucosa,  but  differ  from  the  latter 
both  structurally  and  functionally.  The  glands  in  the  fundus 
and  the  body  of  the  stomach  are  also  different  in  their  histologi¬ 
cal  appearance,  and  in  their  secretory  functions  from  those  in 
the  lower  part  of  the  stomach  (pyloric  region).  The  cells  of 
the  glands  in  the  fundus  and  body  of  the  stomach  are  of  three 
types  and  are  called,  respectively,  (a)  mucous  nec\  cells  or  chief 
cells  of  the  nec\,  (b)  chief  or  zymogenic  cells,  (c)  parietal  or 
border  cells.  The  mucous  neck  cells  are  situated  in  the  narrow 
superficial  part  of  the  gland  tubule  called  the  neck.  They  se¬ 
crete  mucus  (Fig.  8-11).  The  chief  or  zymogenic  cells  form  a 
continuous  lining  for  the  deeper  part  or  body  of  the  gland 


Fig.  8-9  Diagram  of  the 
stomach.  B,  body  of 
..stomach;  D,  duodenum; 
E,  esophagus;  F,  fundus 
of  stomach;  P,  pylorus; 
PP.,  pars  pylorica. 
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Fig.  8-10  X-ray  photograph  of  a  normal  J-shapecl  stomach. 
(Kindness  of  Dr.  A.  C.  Singleton.) 

tubule.  These  cells  secrete  the  enzymes  of  the  gastric  juice. 
The  parietal  or  border  cells  do  not  form  a  continuous  layer,  but 
lie  here  and  there  along  the  tubule  to  the  outer  side  of  the  chief 
cells.  They  are  entirely  responsible  for  the  production  of  the 
hydrochloric  acid  of  the  juice. 

The  glands  of  the  pyloric  region  contain  only  mucus- 
secreting  cells;  chief  cells  and  parietal  cells  are  absent;  their 
secretion  is  alkaline  in  reaction.  The  mucosa  for  a  small  area 
near  the  cardia  also  contains  glands  of  this  type. 


Fig.  8-1 1  Glands  from 
fundos  of  stomach,  i, 
pit  or  foveola  on  mucous 
surface  of  stomach;  2, 
neck  of  gland  containing 
mucin-secreting  cells;  3, 
bottom  (fundus)  of 
gland;  4,  parietal  Gels;  , 5^ 
chief  cells.  , 


The  composition  and  actions  of  gas¬ 
tric  juice.  The  gastric  juice  contains 
enzymes,  mucin,  and  hydrochloric  acid. 
A.n  analysis  of  human  gastric  juice  is 
given  in  the  following  table  (modified 
from  Carlson). 

A-cidity  Free  HCl,  0.50  to  0.60  per  cent 

Total  acidity,  0.45  to  0.60  per 
cent 

pH,  0.9  to  1.5 

Solids  Organic,  including  mucin  and 
the  various  ferments,  0.42  to 
0.46  per  cent 

Inorganic,  0.13  to  0.14  per  cent 
Specific  gravity,  1.006  to  1.009 
Total  nitrogen,  0.051  to  0.075  per  cent 

The  enzymes  are  pepsin,  rennin,  and 
lipase.  The  pepsin  acts  upon  protein. 
The  protein  molecule,  as  we  shall  see 
(P-  394)5  is  constituted  of  large  groups 
of  amino-acids  linked  together.  The 
first  important  action  of  the  gastric 
juice  upon  the  food  is  the  combination 
of  the  hydrochloric  acid  with  protein 
material  to  form  acid  metaprotein.  The 
pepsin  then  acts  upon  the  latter  split¬ 
ting  the  protein  structure  into  smaller 
molecules  called  proteoses  and  pep¬ 
tones.  The  attack  made  upon  protein 
by  pepsin  ceases  at  this  stage. 

When  the  mucosa  of  the  fundus  or 
body  of  the  stomach  is  extracted  with 
an  alkaline  solution,  the  extract  pos¬ 
sesses  little  or  no  proteolytic  activity, 
but  becomes  active  upon  acidification! 

It  is,  therefore,  sometimes  stated  that 


iiflilll: 
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pepsin  is  secreted  as  an  inactive  precursor  which  differs  chemi¬ 
cally  from  active  pepsin,  and  is  referred  to  as  pepsinogen,  A 
simpler  and  more  correct  explanation  of  the  observation  that 
an  alkaline  extract  of  the  gastric  mucosa  is  inactive  is  based 
upon  the  fact  that  pepsin,  like  other  enzymes,  acts  best  at  a 
certain  pH  {optimum  pH),  and  becomes  inactive  if  any  great 
change  from  this  reaction  occurs.  The  optimum  pH  for  the 
action  of  pepsin  is  around  1.5,  which  is  the  reaction  of  pure 
gastric  juice. 
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Fig.  8-12  High  magnification  of  a  portion  of  gastric  gland  to  show  in¬ 
tercellular  and' intracellular  canaliculi. 

The  concentration  of  hydrochloric  acid  in  gastric  juice,  as 
the  latter  is  secreted  by  the  glands,  is  from  0.5  per  cent  to  0.6  per 
cent.  The  contents  of  the  stomach  have  rarely,  however,  an 
acidity  as  high  as  this,  for  the  juice,  after  it  reaches  the  cavity  of 
the  stomach,  becomes  diluted  by  other  fluids,  e.g.,  saliva,  mucus 
from  the  gastric  epithelium,  the  alkaline  secretion  of  the 
pyloric  glands,  and  food  residues.  The  hydrochloric  acid  is 
Wmed  by  the  parietal  cells  and  is  apparently  secreted  as  such 
into  the  cavity  of  the  tubules  passing  along  fine  canals  (canalic¬ 
uli)  running  between  the  chief  cells.  These  intercellular  can¬ 
aliculi  drain  a  network  of  still  finer  channels  within  the 
parietal  cells  (Fig.  8-12).  The  acid  is  not,  as  was  at  one  time 
believed,  secreted  in  the  form  of  a  precursor  which  is  con¬ 
verted  to  hydrochloric  acid  after  reaching  the  lumina  of  the 
tubules,  or  the  cavity  of  the  stomach.  Indeed,  it  is  a  truly  re¬ 
markable  fact  that  the  cells  do  form  and  secrete  a  mineral  acid 
of  such  high  concentration.  Also,  it  may  well  be  asked,  why 
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do  not  the  pepsin  and  hydrochloric  acid  of  the  gastric  iuice  di¬ 
gest  the  stomach  itself?  This  is  a  conundrum  which  has  re¬ 
ceived  no  satisfactory  solution.  It  is  no  answer  to  this  question 
to  say  that  the  stomach  is  living  tissue,  and  so  can  protect  itself 
or,  if  the  leg  of  a  living  frog  is  inserted  into  the  stomach  of  a 
of  digestion  about  as  readily  as  if  it  were  a  piece 

is  formed  from  the  sodium  chloride  of 
the  blood,  but,  though  several  theories  have  been  advanced  the 

manner  m  which  the  gland  cells  accomplish  this  chemical’feat 
IS  not  clearly  understood. 

Rcnmn  coagulates  milk,  producing  a  flocculent  mass  called 
e  curd  md  a  clear  fluid  known  as  whey.  This  action  has 
been  made  use  of  from  time  immemorial  in  cheese.rkmg 
the  rennin  bemg  extracted  from  calves’  stomachs.  The  cuf 
d  mg  or  cl(jtmg  of  milk  presents  a  superficial  chemical  resem- 

rennm  the  soluble  milk  protein,  caseinogen.  is  converted  into 

to  conversion  of  fibrinogen 

to  fibrm  by  thrombm,  calcium  is  necessary  for  this  reactL 
The  role  played  by  calcium  is  not,  howeve^  the  same  b  boTh 
nances.  I„  d.e  dotting  of  anilk  tho  re„b  nTspZ  t 

T  P  proido  and  /,Iracisa„ 

-both  which  arc  soluble.  The  latter  protein  Ln  Z1 
bines  edcium  ,c  form  rafcmm  which  is  imX 

"  T  J  °  ^  to  the  infant 

Mucm  belongs  to  the  class  of  glycoproteins  'fn.  Tr  ic 

present  m  pure  gastric  in  ire  it  j  i  i  395/*  is 

^  pyioric  glands.  The  secretion  of  the  surface  epithelium  of 

i.  Md  i.  .  pwaa 
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the  stomach  (goblet  cells,  p,  37)  contains  a  high  per¬ 
centage  of  mucin.  This  latter  secretion  is  a  slimy  fluid  which 
tends  to  cling  to  the  surface  of  the  mucosa.  It  thus  serves  to 
protect  the  mucosa  from  injury  by  coarse  particles  of  food  and, 
to  a  certain  extent,  from  the  action  of  the  pepsin-hydrochloric 
acid.  It  may  be  mentioned  in  this  regard  that  mucin  is  capable 
of  combining  with  a  relatively'  large  amount  of  hydrochloric 
acid,  and  of  inhibiting  peptic  activity.  ,  Preparations  of  mucin 
obtained  from  pig^s  stomach  have  been  used  recently  in  the 
treatment  of  gastric  and  duodenal  ulcers  with  the  object  of 
protecting  the  surface  of  the  ulcer  from  the  action  of  the  highly 
acid  gastric  juice. 

The  secretion  of  gastric  juice.  It  is  now  customary  to  speak 
of  three  phases  of  gastric  digestion:  (i)  psychic  or  cephaltc, 
(2)  gastric  and  (3)  intestinaL 


Fig.  8-13  Dog  prepared  with  an 
esophageal  fistula  for  “  sham  feed¬ 
ing.” 

The  psychic  or  cephalic  phase.  It  was  first  shown  by  the 
Russian  physiologist,  Ivan  Pavlov  (1849-1936),  that  gastric  juice 
is  secreted  while  food  is  being  chewed,  and  before  any  has  en¬ 
tered  the  stomach.  The  more  appetizing  the  food,  the  greater 
is  its  effect  upon  gastric  secretion.  Pavlov  therefore  spoke  of 
the  secretion  caused  in  this  manner  as  the  appetite  juice.  The 
secretion  under  such  circumstances  is,  of  course,  purely  reflex 
in  nature.  The  afferent  fibers  of  the  reflex  are  in  the  nerves 
of  taste,  the  efferent  fibers  in  the  vagus  nerves.  The  effect  can¬ 
not  be  produced  after  the  vagus  nerves  have  been  sectioned. 

Pavlov  demonstrated  this  reflex  in  dogs  by  what  he  termed 
''  sham  feeding.”  An  animal  was  first  prepared  by  dividing  the 
esophagus  in  the  neck,  bringing  the  lower  end  of  the  upper 


342  DIGESTION 


Fig.  8-14  Upper  drawings  show  Pavlov’s  method  of  fashioning  a  gas¬ 
tric  pouch  or  immature  stomach.  A  horizontal  incision  A-B  is  mfde 
which  causes  minimal  injury  to  the  gastric  nerves  and  blood  supply. 

,  gus  nerves.  The  flap  (C)  is  turned  down  and  the  pouch  (^/ho- 
E  °f  the  stomach  (V)  as  shown  in  the  ^ht- 

?ate  (Pavlov).  The  lower  drawing  ifus- 

trates  the  manner  in  which  pure  gastric  juice  can  be  collected  from  the 

Ts"  main  part  of 

rirriov  """rf  by 

in  a'  prepared  in  this  way,  relishes  its  foot 

just  as  does  any  normal  dog,  but  the  food  cannot  enter  th. 
stomach;  It  simply  falls  from  the  open  esophagus  after  it  ha 
been  swallowed.  Nevertheless,  a  flow  of  g^trk  juice  rll^ 
The  juice  secreted  by^the  stomach  can  be  collected  from  ar 

and  rnfas^^  .abdominal  wall  into  the  stomach 

and  measured.  It  can  then  be  analyzed  for  its  peptic  and  acic 
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coBcentrations,  if  desired;  or  a  miniature  stomacli  can  be  fash¬ 
ioned  as  shown  in  Figure  8-14. 

The  psychic  secretion  of  gastric  juice  has  been  clearly  demon¬ 
strated  several  times  in  man.  In  Dr.  Carlson  s  laboratory  in 
Chicago,  a  man  was  studied  w^hose-  esophagus  was  impassable 
as  a  result  of  an  injury  received  in  childhood.  A  permanent 
opening  had  been  made  through  the  wall  of  the  abdomen  into 


ChewingT-food 


Fig.  8-15  Typical  curve  of  secretion  of  gastric  juice  collected  at  5- 
minute  intervals  during  mastication  of  palatable  food  for  20  minutes. 
The  rise  in  secretion  during  the  last  5  minutes  of  mastication  is  due  to 
chewing  the  dessert  (fruit)  for  which  the  person  had  an  especial  fond¬ 
ness.  (After  Carlson.) 

the  stomach.  Through  this  opening  —  termed  a  gastric  fistula 
—  the  man,  like  Pavlov’s  dogs>  could  be  “  sham  fed,”  though 
in  his  case  the  food  was  spat  out  after  it  had  been  chewed.  It 
w^as  found  that  food  for  which  this  subject  had  a  particular 
fondness  caused  the  greatest  .secretion  of  juice  .(Fig.  8-15).  In 
some  instances  the  mere  sight  or  smell  of  food  called  forth  a 
secretion.  That  is  to  say,  a  conditioned  reflex  (p.  615)  can  be 
established  for  gastric  secretion,  as  well  as  for  the  secretion  of 
saliva. 

The  psychic  secretion  of  gastric  juice  has  also  been  dem¬ 
onstrated  in  persons  during  hypnosis.  A  suggestion  made  to 
the  subject  that  he  was  eating  some  tempting  piece  of  food 
stimulated  gastric  secretion.  On  the  other  hand,  psychic  in¬ 
fluences,  e.g.,  worry,  fear,  anger,  and  pain  are  powerfully  in¬ 
hibitory  to  the  gastric  glands,  as  are  also  bad  odors,  an  unsavory 
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character  of  the  meal,  or  even  an  unattractive  appearance  of  its 
general  appointments.  Pleasant  surroundings,  contentment 
delight  for  the  eyes  and  ears,  e.g.,  flowers  on  the  table,  cleanli¬ 
ness,  and  good  music,  tend  toward  an  opposite  elfect.  Pavlov 
sums  up  these  facts,  which  obviously  are  of  great  practical  im¬ 
portance,  in  the  sentence,  “  Appetite  spells  gastric  juice.”  Mac¬ 
beth  at  the  banquet  expresses  the  same  thought  when  he  says, 
“  Let  good  digestion  wait  on  appetite,  and  health  on  both.” 

Variations  in  the  secretory  activity  of  the  gastric  glands  are 
accompanied  by  changes  in  the  blood  supply  to  the  gastric  mu¬ 
cous  membrane.  When  the  interior  of  the  stomach  is  viewed 
through  a  gastric  fistula,  the  mucosa  is  seen  to  blanch  in  re¬ 
sponse  to  the  inhibitory  influences  mentioned  above  and  to 
become  flushed  when  secretion  occurs. 

The  gastric  phase.  This  refers  to  the  secretion  of  gastric 
juice  which  occurs  after  the  food  has  entered  the  stomach;  it 
continues  for  a  much  longer  period  than  does  the  psychic  se¬ 
cretion.  Let  us  now  consider  the  mechanisms  controlling  the 
secretion  at  this  time.  The  stretching  of  the  stomach  wall  by 
the  food  has  only  a  slight  secretory  effect.  The  secretion  dur¬ 
ing  this  phase  is  due  mainly  to  the  action  of  a  chemical  mate¬ 
rial— a  hormone  — ioxmed  in  the  mucosa  of  the  stomach. 
This  material  is  absorbed  into  the  blood  stream  and,  reaching 
the  cells  of  the  gastric  mbul^s,  excites  them  to  secretion.  The 
hormone  is  produced,  in  turn,  through  the  action  upon  the 
pyloric  mucosa  of  certain  substances  in  the  food.  Such  sub¬ 
stances  are  present  in  aqueous  extracts  of  meats  and  vegetables 
(e.g.,  soups  and  beef  extracts).  F*or  tius  reason  they  are  re¬ 
ferred  to  as  extractives.  On  account  of  their  stimulant  action 
on  secretion  they  are  also  known,  frofti  the  physiological  point 
of  view,  as  gastric  secretogogues. 

The  products  of  protein  digestion — proteoses  and  peptones 

and  certain  other  materials  act  in  a  similar  fashion. 

When  evidence  for  its  existence  was  first  obtained,  the  gastric 
hormone  was  named  gastrin;  its  chemical  nature  was  unknown. 
Extracts  of  the  pyloric  mucosa,  obtained  from  an  animal  after 
a  meal  of  meat  or  of  other  substances  rich  in  extractives,  con- 
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tained  the  hormone.  This  was  shown  by  the  fact  that  when 
such  extracts  were  injected  into  the  veins  of  an  animal,  a  pro¬ 
fuse  secretion  of  gastric  juice  resulted. 

It  is  now  generally  conceded,  however,  that  the  hormone  in 
pyloric  extracts,  i.e.,  gastrin,  is  not  a  specific  and  hitherto  un¬ 
known  substance,  but  is  simply  histamine,  which  is  found  in 
other  tissues  as  well  as  in  the  gastric  mucous  membrane.  The 
discovery  that  histamine  and  gastrin  are  identical  does  not 
necessarily  lead  to  the  conclusion  that  there  is  no  other  gastric 
hormone.  On  the  contrary,  a  considerable  body  of  evidence 
suggests  that  a  gastric  hormone  quite  distinct  from  histamine 
is  formed  in  the  gastric  mucosa  during  digestion.  But  so  far 
this  hormone  has  not  been  obtained  by  extraction. 

The  intestinal  phase.  After  the  partially  digested  food  ma¬ 
terials  have  reached  the  intestine,  certain  of  their  constituents 
(split  products  of  protein  digestion,  meat  extracts,  etc.)  con¬ 
tinue  to  exert  an  excitatory  effect  upon  gastric  secretion.  Little 
is  known  concerning  the  manner  in  which  this  effect  is  brought 
about;  it  may  be  dependent  upon  the  formation  or  liberation 
of  a  hormone  from  the  intestinal  mucosa,  for  an  extract  of  the 
latter,  when  injected  intravenously,  has  an  excitatory  effect 
upon  gastric  secretion.  Another  possibility  is,  that  certain  con¬ 
stituents  of  the  food  are  absorbed  into  the  blood  stream  and  act 
directly  as  excitants  of  the  gland  cells. 

The  effects  of  different  foods  and  of  certain  chemicals  and 
dr^s  upon  the  secretion  of  gastric  juice.  The  hydrochloric 
acid  in  the  gastric  contents  is  in  part  combined  with  food,  es¬ 
pecially  in  acid  metaprotein  and  with  mucus;  the  remainder 
is  free.  The  combined  acid  and  the  free  acid  together  are  re¬ 
ferred  to  as  the  total  acid. 

In  man  the  activity  of  the  gastric  glands  is  investigated  by 
giving  a  meal  of  toast  and  weak  tea  —  the  so-called  test  meal 
and  removing  samples  of  the  stomach  contents  every  15 
minutes  during  a  subsequent  two-hour  period.  The  samples 
are  analyzed,  the  percentages  of  total  and  free  acid  determined, 
and  curves  plotted  (see  Fig.  8-16).  Meat,  since  it  is  rich  in 
extractives,  stimulates  the  glands  more  powerfully  than  does 
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carhohydrate.  Fats  have  an  inhibitory  effect  upon  gastric  se¬ 
cretion,  as  well  as  upon  the  movements”  of  the  stomach.  A 
meal  containing  a  high  proportion  of  fat  takes  a  relatively  long 
time  to  leave  the  stomach.  Fat  also  exerts  an  inhibitory  effect 
upon  both  gastric  secretion  and  motility,  after  it  has  reached  the 
duodenum.  The  latter  effect  is  attributed  to  a  chemical  sub¬ 
stance  (a  chalone,  p.  442)  formed  in  the  intestinal  mucosa;  this 
substance  has  been  named  enter ogastrone. 

Among  chemicals  which  stimulate  gastric  secretion  the  most 
powerful  are  histamine  and  alcohol.  Atropine  by  its  action 
upon  the  vagus  endings  temporarily  suppresses  secretion.  Al- 

kjzlies  such  as  sodium  bicar¬ 
bonate  in  repeated  small 
doses  excite  the  gastric 
glands,  but  a  single  large 
dose  has,  as  a  rule,  an  in¬ 
hibitory  effect. 

Abnormalities  in  gastric 
secretion.  When  no  secre¬ 
tion  of  acid  occurs  after  a 
test  meal  the  condition  is 
called  gastric  anacidity  or 
achlorhydria.  About  4  per 
cent  of  perfectly  healthy 
and  otherwise  normal  per¬ 
sons  show  this  peculiarity. 
There  may  be  a  complete 
absence  of  peptic  secretion  as  well;  when  such  is  the  case  the 
condition  is  called  achylia  gastric  a.  Gastric  anacidity  is  also 
seen  in  a  number  of  diseased  states,  e.g.,  cancer  of  the  stom¬ 
ach,  pernicious  anemia,  chronic  inflammation  of  the  stomach, 
chronic  arthritis,  gall-bladder  disease,  etc. 

In  some  instances  the  gastric  glands,  though  failing  to  se¬ 
crete  when  stimulated  by  a  test  meal,  respond  to  histamine;  the 
anacidity  is  then  called  false  or  apparent.  In  other  instances, 
even  a  powerful  stimulus,  such  as  histamine  or  alcohol,  is  in- 
effective.  This  absolute  failure  of  acid  secretion  is  czWtd  true 


% 
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Fig.  8-16  Normal  curve  of  free  hy¬ 
drochloric  acid  in  the  gastric  con¬ 
tents  following  a  test  meal 


DIGESTION  IN  THE  STOMACH  347 

anaddity.  An  abnormally  high  acidity  of  the  gastric  contents 
is  called  gastric  hyperacidity  or  hyperchlorhydria.  In  this  con¬ 
dition  the  acidity  of  the  gastric  juice,  as  it  leaves  the  gland 
tubules,  is  not  higher  than  usual  (0.5  to  0.6  per  cent),  but  owing 
to  a  high  rate  of  secretion  or  to  failure  of  the  juice  to  be  -neu¬ 
tralized  after  it  has  reached  the  cavity  of  the  stomach,  the  per¬ 
centages  of  total  and  free  acid  in  the  gastric  contents  are  much 
above  the  normal  values.  Under  normal  circumstances  the 
acidity  of  the  gastric  contents  rises  after  a  test  meal,  reaching  a 
maximum  in  an  hour  or  so  and  then  declining  (see  chart,  Fig. 
8-16).  The  return  of  the  curve  to  the  resting  level  is  due  to 
several  factors  —  reduced  rate  of  secretion  by  the  glands,  empty¬ 
ing  of  the  stomach,  neutralization  by  mucus  and  probably  also, 
to  some  extent,  by  the  regurgitation  of  alkaline  juices  from  the 
duodenum.  An  abnormally  high  acidity  of  the  gastric  con¬ 
tents  is  due  to  failure  of  one  or  other  or  all  of  these  factors;  the 
curve  of  gastric  acidity  rises  above  the  normal  maximum,  and 
in  many  instances  does  not  return  to  the  resting  level  within 
the  normal  time. 

Gastric  hyperacidity  is  one  of  the  commonest  digestive  com¬ 
plaints  in  otherwise .  normal  and  healthy  persons.  It  causes 

heartburn  ”  and  a  feeling  of  discomfort  in  the  chest.  The 
burning  sensation  is  due  to  the  highly  acid  gastric  contents  be¬ 
ing  carried  into  the  esophagus  by  contractions  of  the  stomach, 
and  stimulating  sensitive  nerve  endings  in  the  esophageal  mu¬ 
cous  membrane.  The  gastric  mucosa  itself  is  insensitive  to  acid. 
The  condition  is  seen  in  a  large  proportion  of  cases  of  gastric 
and  duodenal  ulcer;  indeed  it  is  now  generally  agreed  that  hy¬ 
peracidity  is  the  chief  cause  of  these  conditions. 

In  duodenal  ulcer,  for  example,  ulceration  occurs  where  the 
gastric  juice,  after  issuing  from  the  pylorus,  first  comes  into  con¬ 
tact  with  the  intestinal  mucosa.  Treatment  of  gastric  or  duo¬ 
denal  ulcer  is,  therefore,  directed  toward  reducing  the  acidity 
of  the  gastric  contents.  This  is  accomplished  -by  giving  alka¬ 
lies,  or  other  substances  which  combine  with  the  excess  acid, 
such  as  preparations  of  mucin,  and  restricting  the  diet  in  re¬ 
spect  to  meat  and  other  materials  rich  in  extractives  which 
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Stimulate  gastric  secretion,  and  substituting  foods,  e.g.,  milk 
cream,  and  carbohydrates,  which  either  inhibit  or  exert  no 
pronounced  stimulating  action  upon  the  glands. 

A  high  gastric  acidity  is  also  seen  when  the  pylorus  is  ob¬ 
structed  and,  as  a  consequence,  gastric  evacuation  is  delayed. 
The  distension  of  the  stomach  which  results  from  pyloric  ob¬ 
struction  acts  further  as  a  stimulus  to  secretion. 

The  nerves  which  influence  gastric  secretion  and  motility. 
The  gastric  glands  receive  secretory  fibers  through  the  vagus 
nerves.  When  these  nerves  are  stimulated,  the  glands  secrete 
a  highly  acid  juice  rich  in  pepsin.  Sympathetic  fibers  can  also 
be  traced  to  the  gastric  glands,  but  their 
action  is  less  well  known;  it  seems, 
however,  that  they  innervate  the  pyloric 
glands,  causing  a  secretion  of  an  alka- 
^  line  juice  consisting  largely  of  mucus. 

The  movements  of  the  stomach  are 
under  the  control  of  both  the  vagus 
(parasympathetic)  and  sympathetic 
nerves.  The  vagus  is  motor  in  action 
—  that  is,  it  raises  the  tone  and  increases 
the  force  of  the  contractions  of  the  gas¬ 
tric  muscle;  the  sympathetic  is  inhibi- 
tory.  The  vagus  and  sympathetic  nerves 

are  also  motor  and  inhibitory,  respectively,  to  the  pyloric 
sphincter. 

Movements  and  emptying  of  the  stomach.  The  upper  half 
or  so  of  the  body  of  the  stomach  does  not  show  active  move¬ 
ments,  but  is  the  seat  of  a  steady  tonic  contraction.  When  di¬ 
gestion  is  proceeding,  peristaltic  contractions  commence  about 
the  middle  of  the  body  of  the  stomach  and,  passing  downward 
(nc.,  toward  the  pylorus),  become  progressively  more  powerful 
(Fig.  8-17).  The  pyloric  part  is,  therefore,  the  more  actively 
motile  region,  the  motility  becoming  more  and  more  marked 
as  the  digestive  processes  progress.  These  movements  serve  to 
mix  the  food  thoroughly  with  the  gastric  juice  and  to  break 
up  food  masses  that  have  been  softened  by  the -digestive  juices. 


Fig.  8-17  Drawing  of  X- 
ray  of  stomach  showing 
peristalsis. 
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When  the  food  has  reached  a  consistency  suitable  for  discharge 
into  the  duodenum  it  is  propelled  through  the  pylorus  by  the 
descending  waves  of  peristalsis. 

The  pyloric  sphincter  is  relaxed  most  of  the  time.  It  is  con- 
traded  only  when  a  peristaltic  wave  passes  over  it  and  closes,  the 
pyloric  orifice  for  a  moment.  The  latter  varies  in  diameter 
from  time  to  time,  how^ever,  being  wider  during  the  later  stages 
of  digestion  than  at  the  beginning.  Thus  the  stronger  peristal¬ 
tic  contractions  and  the  greater  diameter  of  the  pyloric  opening 
w'hen  gastric  digestion  is  nearing  completion,  facilitate  the  evac¬ 
uation  of  the  stomach.  It  should  be  emphasized  that  the 
consistency  of  the  food  is  one  of  the  most  important  factors  deter¬ 
mining  the  time  after  swallowing  at  which  it  leaves  the  stom¬ 
ach.  Fluids,  for  example,  commence  to  leave  it  almost  imme¬ 
diately  after  entering.  Solid  food  in  the  stomach  must  first  be 
reduced  to  a  fluid  or  semifluid  state,  and  those  articles  of  diet 
which  are  most  readily  softened  and  liquefied,  e.g.,  carbohy¬ 
drates,  leave  before  meats,  which  require  a  longer  time  to  be¬ 
come  reduced  to  a  suitable  consistency.  Fats  are  evacuated 
most  slowly,  for,  as  already  mentioned,  they  inhibit  gastric  se¬ 
cretion  and  motility.  They  also,  for  this  reason,  retard  the 
evacuation  of  other  types  of  food.  An  ordinary  mixed  meal  is 
usually  completely  evacuated  within  from  three  to  four  and 
one  half  hours. 

The  stomach  contents,  after  they  have  become  softened  and 
form  a  nearly  homogeneous  semifluid  or  plastic  mass,  are  re¬ 
ferred  to  as,  the  chyme.  In  this  state,  the  food  commences  to 
pass  into  the  duodenum.  Chyme  is  an  old  word  meaning  juice, 
and  arose  from  the  belief  that  digestion  in  the  stomach  was  es¬ 
sentially  a  mechanical  process,  the  nutritive  juices  being  ex¬ 
pressed  from  the  food  through  the  pressure  exerted  by  the  con¬ 
tractions  of  the  stomach.  That  the  food  underwent  chemical 
changes  in  the  stomach  was  not  fully  realized  until  the  French 
scientist  Rene  R&umur  (1683-1757)  and  the  Italian  priest  and 
scientist  Lazaro  Spallanzani  (1729-1799)  carried  out  their  in¬ 
genious  experiments.  Reaumur  gave  a  kite  and  other  animals 
small  perforated  metal  tubes  filled  with  meat.  He  found,  upon 
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recovering  the  tubes,  that  the  meat,  though  thus  protected  from 
any  mechanical  action  of  the  stomach,  was  partially  dissolved. 
He  also  showed  that  gastric  juice  would  digest  meat  in  a  test 
tube,  i.e.,  outside  the  body.  Spallanzani  performed  similar 
experiments  upon  animals  and  upon  himself.  He  swallowed 
perforated  wooden  tubes  filled  with  food,  and  showed  that, 
though  the  containers  were  unbroken,  after  passing  through 
the  alimentary  tract,  the  food  had  become  dissolved.  He  also 
found  that  gastric  juice,  obtained  by  making  himself  vomit, 
had  the  power  to  dissolve  meat  in  vitro. 

In  the  early  part  of  the  nineteenth  century  (1819)  Dr.  Wil¬ 
liam  Beaumont,  an  American  army  surgeon,  was  offered  a 
unique  opportunity  to  study  the  digestive  processes  in  the  hu¬ 
man  stomach.  A  French  Canadian  hunter,  Alexis  St.  Martin, 
while  at  Fort  Mackinac  on  Lake  Michigan,  received  a  severe 
wound  in  the  abdomen  from  the  accidental  discharge  of  a  mus¬ 
ket.  Part  of  the  wall  of  the  stomach  was  destroyed.  Under 
Beaumont’s  care  the  man  recovered,  but  the  wound  through 
the  abdominal  wall  and  stomach  failed  to  close  completely. 
Through  this  opening  Beaumont  was  able  to  observe  the 
changes  taking  place  in  the  food  during  the  different  stages  of 
digestion,  and  performed  a  number  of  simple  experiments 
which  clarified  many  obscure  aspects  of  gastric  physiology. 

The  experiments  of  these  pioneers  upon  the  chemical  features 
of  digestion  had  led  men  to  forget  for  a  time  the  importance  of 
mechanical  factors.  The  pendulum  swung  too  far.  But  today, 
the  mechanical  factors  are  recognized  as  playing  a  leading  role 
in  gastric  digestion.  Abnormalities  of  the  motor  mechanisms 
of  the  stomach  are  much  more  often  the  immediate  cause  of 
digestive  disorders  than  is  a  failure,  or  even  the  entire  absence, 
of  the  digestive  power  of  the  gastric  juice.  Persons  in  whom’ 
gastric  secretion  is  entirely  lacking  (achylia  gastrica)  may  en¬ 
joy  perfect  health,  and  suffer  no  digestive  discomfort  whatso¬ 
ever.  On  the  other  hand,  disorders  of  the  movements  of  the 
stomach,  e.g.,  too  slow  or  too  rapid  evacuation  of  the  food,  or 
spasm_  of  the  pylorus  or  of  the  cardiac  sphincter,  frequently 
give  rise  to  severe  gastric  symptonis. 
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Vomiting.  This  is  usually  preceded  by  nausea.  The  ejection 
of  the  stomach  contents  is  accomplished  in  the  following  man¬ 
ner.  A  strong  contraction  occurs  in  the  pyloric  part  of  the 
stomach,  together  with  relaxation  of  the  body  of  the  stomach 
and  the  cardiac  sphincter.  Accompanying  or  immediately 
following  these  movements  the  abdominal  muscles  contract  for¬ 
cibly,  and  the  diaphragm  descends.  Thus  the  stomach  is  com¬ 
pressed  and  its  contents,  being  prevented  from  passing  down¬ 
ward  by  the  firm  contraction  of  the  pyloric  region,  are  forced 
through  the  relaxed  cardia  into  the  esophagus.  The  latter  re¬ 
laxes  throughout  its  length,  which  permits  the  free  passage  up- 
w^ard  of  the  stomach  contents.  The  larynx  is  raised  at  the  same 
time  and  its  opening  closed,  thus  preventing  the  passage  of 
material  into  the  air  passages.  The  stomach,  it  will  be  noted,  is 
emptied  passively^  that  is,  from  pressure  applied  from  without. 
There  is  no  evidence,  in  the  adult  at  any  rate,  that  an  ascending 
peristaltic  contraction  of  the  gastric  wall  is  instrumental  in 
ejecting  the  stomach  contents  into  the  esophagus.  In  the  young 
infant,  however,  a  reverse  peristaltic  movement  of  this  nature 
probably  does  occur. 

Vomiting  is  a  reflex  act  and  may  follow  irritation  of  nerve 
endings  (vagus  or  sympathetic)  in  the  stomach  or  duodenum. 
But  the  stimulation  of  afferent  fibers,  especially  those  trans¬ 
mitting  pain  impulses,  in  almost  any  organ  of  the  body  may 
induce  vomiting.  The  vomiting  due  to  disease  of  the  appen¬ 
dix  or  gall-bladder,  or  to  some  painful  injury,  is  well  known. 
Afferent  impulses  arising  in  a  failing  heart  may  also  cause 
vorniting,  or  the  act  may  be  induced  by  psychic  influences  — 
anxiety,  fear,  or  disgust.  ^Sea-sickness  and  other  forms  of  mo¬ 
tion  sickness  are  due  to  the  stimulation  of  nerve  endings  in  the  * 
semicircular  canals  of  the  ear  (p.  691).  Nausea  or  vomiting  not 
uncommonly  results  from  eye  strain,  the  afferent  impulses  ini¬ 
tiating  the  reflex  arising  in  the  eye  muscles. 

^  Drugs  and  other  substances  used  in  medicine  for  the  induc¬ 
tion  of  vomiting  are  called  emetics.  Among  those  which  act 
upon  the  nerve  endings  in  the  gastric  or  duodenal  wall  are 
anttmony  tartrate  (tartar  emetic),  copper  and  zinc  sulphates, 
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and  s(dt  or  mustard  and  water.  Certain  other  emetics,  such  as 
apomorphine,  act  upon  the  vomiting  center  in  the  medulla 
oblongata.  It  is  probable,  however,  that  the  vomiting  which 
follows  the  administration  of  emetics  of  the  latter  type  is  also 
essentially  reflex  in  nature.  The  drug  acts,  apparently,  by  rais¬ 
ing  the  excitability  of  the  center  — that  is,  the  threshold  of  the 
center  to  stimulation  is  lowered,  so  that  impulses  from  various 
parts  of  the  body,  which  normally  make  no  impression  upon 
it,  become  effective.  The  vomiting  resulting  from  metabolic 
disturbances,  e.g.,  in  pregnancy  or  nephritis,  or  that  associated 
with  general  bodily  fatigue,  is  explained  in  a  similar  way. 


Digestion  in  the  Intestine 

The  intestinal  tract  is  divided  for  the  purpose  of  description 
into  two  parts  —  the  small  intestine  and  the  large  intestine. 
The  small  intestine,  though  of  smaller  diameter,  is  much 
longer  than  the  large  intestine  (see  Fig.  8-i).  In  man  its  length 
is  about  21  feet.  The  first  lo  inches  or  so  are  called  the  duo¬ 
denum  (twelve  finger  breadths).  The  rest  of  the  small  intes¬ 
tine  is  divided  rather  arbitrarily  into  an  upper  portion  (about 
two  fifths)  called  the  jejunum,  and  a  lower  somewhat  narrower 
portion  (about  three  fifths)  called  the  ileum.  The  small  intes- 
tme  from  the  duodenum  onward  is  attached  to  the  posterior 
abdominal  wall  by  a  fan-shaped  membrane  called  the  mesentery 
which  carries  vessels  and  nerves  to  the  intestinal  wall. 

All  those  processes  through  which  the  food  is  finally  pre¬ 
pared  for  absorption,  are  carried  out  in  the  small  intestine. 
Amino-acids  and  certain  other  products  which  have  escaped 
absorption  from  this  part  of  the  alimentary  tract  undergo  bac¬ 
terial  decomposition  in  the  large  intestine  (see  p.  380),  but 
nothing  of  nutritional  value  is  prepared  in  this  part  of  the  di¬ 
gestive  tract.  Large  quantities  of  water  are,  however,  absorbed 
from  die  large  mtestine;  it  converts  the  fluid  contents  of  the 
small  intestine  into  the  pasty  consistency  of  normal  feces. 

The  large  intestine  extends  from  the  end  of  the  ileum  to  the 
anus.  It  IS  about  5  feet  long,  in  man,  and  consists  of  the  cecum. 
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coion,  rectum,  and  anal  canaL  The  cecum  is  the  sac-like  dila¬ 
tation  at  the  commencement  of  the  large  intestine;  it  lies  in 
the  lower  right-hand  part  of  the  abdominal  cavity.  The  ileum 
opens  into  its  upper  end  and  the  vermijorm  appendix  arises 
an  inch  or  so  lower  down.  The  colon  is  divided  for  descriptive 
purposes  into  the  ascending,  transverse,  descending,  and  pelvic 
colons.  These  are  shown  in  Figure  8-i.  The  bends  of  the  colon 
in  the  regions  of  the  liver  (i.e.^  at  the  junction  of  the  ascending 


Fig.  8-18  Diagram  showing  the  relation  of  the  pancreas  to  the  duo¬ 
denum.  Dj  duodenum;  H,  head  ot  pancreas;  T,  tail. 

and  transverse  colons)  and  spleen  (at  the  junction  of  the  trans¬ 
verse  and  descending  colons)  are  called,  respectively,  the  hepatic 
and  splenic  flexures.  The  pelvic  colon,  the  rectum,  and  the 
anal  canal  lie  in  the  pelvis.  The  internal  anal  sphincter  is 
situated  at  the  lower  end  of  the  rectum.  The  external  anal 
sphincter  guards  the  lower  aperture  of  the  anal  canal.  The 
latter  opening  is  called  the  anal  orifice  or  anus. 

The  pancreas  is  a  racemose  (p.  324)  gland.  It  is  an  elongated 
structure  lying  across  the  posterior  wall  of  the  abdomen;  its 
right-hand  broad  part,  called  the  head,  fits  into  the  curve  of  the 
duodenum  (Fig.  8-18).  Its  body  and  tail  are  directed  toward 
the  left.  ^  The  cells  which  form  its  external  secretion  —  the 
pancreatic  juice  —  have  an  alveolar  arrangement  resembling 
that  seen  in  the  salivary  gland.  The  alveoli  are  drained  by  a 
system  of  ducts.  In  the  human  subject  the  main  pancreatic 
duct  (duct  of  Wirsung)  pierces  the  duodenal  wall  obliquely, 
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and  joins  the  common  bile  duct  to  form  a  small  chamber  — 
the  ampulla  of  Vater.  The  ampulla  opens  into  the  duodenum 
about  3 1  inches  below  the  pylorus.  The  pancreas  contains,  be¬ 
sides  the  cells  which  form  the  pancreatic  juice,  other  rounded 
groups  of  cells  called  the  islands  of  Langerhans  (Fig.  8-19) 
These  lie  between  the  alveoli,  and  are  responsible  for  the  prc^ 
duction  of  insulin  (p.  404). 


F|g-^8-i9  Microscopic  section  of  pancreatic  tissue.  AC,  alveoli  of 

glands  which  secrete  pancreatic  juice;  IN,  one  of  the  islands  of  Langer- 

mns,  which  produce  insulin.  ® 

When  the  gland  is  resting  (as  in  a  fasting  animal)  the  alveo¬ 
lar  cells,  like  the  serous  cells  of  the  salivary  glands,  contain  nu¬ 
merous  granules  (p.  39);  these  furnish  the  enzymes  of  the 
juice  During  secretion  the  cells  discharge  their  zymogen 
pnules  mto  the  alveolar  cavity,  their  cytoplasm,  except  per¬ 
haps  for  a  narrow  zone  bordering  the  alveolar  cavity,  then  ap- 
pearmg  quite  clear. 

The  pancreatic  juice.  Composition.  The  pancreatic  juice  is 
alkalme  m  reaction,  due  to  its  content  of  sodium  carbonate  and 
bicarbonate.  Its  principal  ferments  are  trypsin  (pancreatic 
f^otease),amylopsin  {pancreatic  amylase) ,  steapsin  {pancreatic 
ltpase),ztArennin.  c  \r 
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Trypsin  acts  upon  the  proteoses  and  peptones  formed  in  the 
peptic  digestion  of  protein.  This  ferment  is  also  capable  of  at¬ 
tacking  any  protein  which  has  escaped  gastric  digestion,  and 
converting  it  to  proteoses  and  peptones.  Trypsin  breaks  the 
peptone  molecule  into  smaller  groups  of  amino-acids,  named 
peptids.  When  the  amino-acid  groups  are  relatively  large  they 
are  called  polypeptids.  The  final  stage  in  the  digestion  of  pro¬ 
tein  —  that  is,  the  complete  disruption  of  the  molecule  into  its 
individual  amino-acids  —  is  brought  about  by  the  erepsin  (pep¬ 
tidases)  of  the  intestinal  juice.  But,  the  protein  molecule  can 
be  broken  down  to  groups  of  four  amino-acids  (tetrapeptids) 
and  three  {tripeptids)  or  even  two  (dipeptids)  amino-acids 
during  tryptic  digestion. 

Juice  collected  directly  from  the  pancreatic  duct  has  very 
little  power  to  digest  protein;  but,  if  allowed  to  come  into  con¬ 
tact  with  the  intestinal  mucosa,  it  at  once  becomes  active.  The 
inactive  material  in  the  juice  is  called  trypsinogen;  its  activation 
to  trypsin  is  dependent  upon  a  constituent  of  the  intestinal 
juice,  named  enterokjnase  (p.  359).  Trypsinogen  is  also  acti¬ 
vated  by  calcium. 

Trypsin  can  act  only  in  an  alkaline  medium,  the  optimum 
pH  being  around  8.5. 

Amylopsin  or  pancreatic  amylase  (also  called  pancreatic  di¬ 
astase')  has  an  action  similar  to  that  of  the  ptyalin  in  saliva 
(p.  328),  converting  starch  into  maltose.  But  pancreatic  juice 
has  a  more  powerful  starch-splitting  action  than  has  saliva;  it  is 
also  afforded  a  longer  time  in  which  to  act.  As  compared  with 
saliva,  pancreatic  juice  is,  therefore,  of  much  greater  impor¬ 
tance  in  the  digestion  of  starch.  Pancreatic  juice  contains  also 
some  maltose  which  converts  a  part  of  the  maltose  to  glucose. 

Steapsin,  or  pancreatic  lipase,  splits  fats  into  their  constituents 
—  fatty  acids  and  glycerin  (glycerol).  If  the  intestinal  con¬ 
tents  are  alkaline  in  reaction,  the  liberated  fatty  acids  combine 
with  alkali  to  form  soaps.  The  action  of  the  steapsin  upon  the 
fat,  tristearin,  is  shown  in  the  following  equation: 

CsHsCCirHssCOOls  -P  3H2O  =  C3H5(0H)3  +  3CnH35COOH 

tristearin  glycerin  stearic  acid 
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CnHssCOOH  +  NaOH  =  CirH^sCOONa  +  H^O 

Stearic  acid  sodium  stearat'' 

(soap) 

Soap  formation  in  the  intestine  probably  occurs  to  a  very 
limited  extent,  for  soaps  can  form  only  in  an  alkaline  medium  " 
any  which  may  have  formed  become  precipitated  again  "when 
the  medium  is  acidified.  The  intestinal  contents  are  slightly 
acid  in  reaction  except  when  the  pancreatic  secretion  is  at  its 
height.  Even  then,  it  is  only  the  duodenal  contents  which  are 
rendered  slighdy  alkaline,  the  contents  of  the  rest  of  the  intesti¬ 
nal  tract  remaining  acid. 

The  optimum  pH  for  the  action  of  pancreatic  lipase  is 
around  8.0.  ^ 

The  secretion  of  pancreatic  juice.  The  secretion  of  pancreatic 
juice  is  brought  about  by  a  hormone  formed  in  the  mucosa  of 
the  small  intestine.  The  existence  of  this  hormone  was  dem¬ 
onstrated  in  1902  by  Bayliss  and  Starling.  They  found  that  a 
hydrochloric  acid  extract  of  the  duodenal  mucosa,  when  injected 
intravenously,  caused  the  secretion  of  pancreatic  juice.  The  in¬ 
travenous  injection  of  the  acid  by  itself  was  ineffective.  On  the 
other  hand,  the  introduction  of  hydrochoric  acid  into  a  loop  of 
tewel  the  nerves  of  which  had  been  sectioned,  and  thus  isolated 
from  all  connections  with  the  pancreas  except  through  the 
blood  stream,  was  followed  by  a  secretion  of  pancreatic  juice 
It  was  therefore  concluded  that  in  the  normal  course  of  diges¬ 
tion  the  acid  chyme,  after  reaching  the  duodenum,  acted  upon 
the  duodenal  mucosa  to  cause  the  formation  and  absorption 
mto  the  blood  stream  of  a  hormone  which  excited  the  pan¬ 
creatic  cells.  The  hormone  was  named  secretin.  Later  vv^ork 
has  shown  that  extracts  of  the  intestinal  mucosa  made  with 
solvents  other  than  acid,  namely,  water  or  alcohol,  are  active. 

It  has  also  been  demonstrated  that  bile  introduced  into  the  duo¬ 
denum  causes  secretm  to  be  absorbed  into  the  blood  stream  and 
mcluces,  in  consequence,  a  secretion  of  pancreatic  juice. 

A  second  hormone  having  a  stimulating  action  upon  the  se¬ 
cretion  of  pancreatic  juice  has  been  discovered  within  recent 
years.  It  has  been  named  pancreozymin  and,  like  secretin,  is 
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obtained  by  extraction  from  the  duodenal  mucosa.  But,  in 
contrast  to  the  latter  hormone,  which  increases  only  the  water 
and  salts  of  the  juice,  pancreozymin  increases  the  production 
of  the  enzymes.  It  causes  the  discharge  of  zymogen  granules 
from  the  gland  cells  and  has  little  effect  upon  the  volume  of 
the  secretion. 


Fig.  8-20  Showing  villi  of  the  small  intestine.  One  villus  sectioned  - 
lengthwise  to  show  vessels. 

The  secxctioB  of  pancreatic  juice  is  also  brought  about 
through  nerve  impulses.  Stimulation  of  the  vagus  nerve  causes 
the  secretion  of  a  juice  very  rich  in  digestive  enzymes;  rapid 
exhaustion  of  the  zymogen  granules  results.  Secretin,  as  just 
mentioned,  appears  to  be  responsible  mainly  for  the  secretion  of 
the  water  and  inorganic  constituents  of  the  juice.  The  vagal 
effect  upon  pancreatic  secretion  is,  therefore,  closely  similar  to 
that  caused  by  pancreozymin  and  unlike  that  ^  following  the 
injection  of  secretin.  It  was  shown  several  years  ago  by  Pavlov 
that  psychic  factors,  the  taste  and  smell  of  food,  were  capable 
of  evoking  a  secretion  of  pancreatic  juice.  These  reflex  secre¬ 
tory  effects  were  particularly  well  shown  by  feeding  experi¬ 
ments  in  dogs.  How^'ever,  the  psychic  or  cephalic  element  plays 
a  much  less  prominent  role  in  pancreatic  than  in  gastric  secre¬ 
tion. 

.The  villi  and  glands  of  the  small  intestine.  The  mucous 
membrane  of  the  small  intestine  is  beset  with  great  numbers  of 
minute,  slender,  finger-  or  tongue-like  processes  —  the  intes¬ 
tinal  villi  —  which  give  to  the  naked  eye  the  soft  velvety  ap¬ 
pearance  of  the  intestinal  mucosa  (Fig.  8-20).  Absorption 


Fig.  ^21  Showing  a  crypt  of  Lieberkuhn  on  left  with  goblet  cells. 
^  right,  an  enlarged  sketch  of  bottom  of  crypt  to  show  cells  of 

Panetn  loaded  with  ..granoies. 

from  the  small  intestine  of  water  and  the  products  of  digestion 
cxcurs  entirely  through  the  specialized  epithelium  which  covers 
the  villi.  The  columnar  epithelial  cells  in  this  situation  are 
continuous  with  those  lining  the  intestinal  glands  and  show 
short  delicate  lines  lying  along  and  perpendicular  to  their  free 
borders.  In  this  respect  these  cells  resemble  those  lining  the 
proximal  convoluted  tubules  of  the  kidney  (p.  296).  The  stria- 
tions  appear  to  be  associated  in  some  way  with  the  capacity  of 
selective  absorption  which  both  the  renal  and  intestinal  cells 
possess. 
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Intestinal  glands  or  crypts  of  Ueber^uhn  are  tiny  pockets  ly~ 
ing  between  the  villi.  Their  blind  ends  dip  deeply  into  the  mu¬ 
cous  membrane,  reaching  as  far  as  the  muscularis  mucosae 
(Figs.  8-20  and  8-29).  They  are  lined  by  epithelial  cells  con¬ 
tinuous  with  those  covering  the  summits  of  the  villi.  Many  of 
the  epithelial  cells  lining  the  gland  become  converted  into 
goblet  cells  and  discharge  mucus.  Others  {cells  of  Paneth)  situ¬ 
ated  at  the  deepest  or  blind  end  of  the  crypts  are  filled  with 
coarse  granules  and  are  believed  to  secrete  the  enzymes  of  the 
intestinal  juice  (Fig.  8-21). 

The  intestinal  juices  succus  entericus.  The  term  intestinal 
juice  (L.  succus  entericus)  is  reserved  for  the  secretion  of  the 
intestinal  glands  or  crypts  of  Lieberkiihn  described  in  thq.  pre¬ 
ceding  section  and  does  not  mean  merely  the  fluid  contents  of 
the  intestinal  canal. 

Composition,  The  intestinal  juice  is  alkaline  in  reaction, 
due  to  its  content  of  sodium  carbonate  and  bicarbonate.  It  con¬ 
tains  enterohjnase,  the  activator  of  trypsin  (p.  355),  and  the  fol¬ 
lowing  enzymes. 

1.  Peptidases  {erepsin')^  enzymes  which  effect  the  final  break¬ 
down  of  the  protein  molecule  into  its  constituent  amino- 
acids. 

2.  Sucrase,  maltase,  and  lactase,  enzymes  which  act  upon  the 
disaccharides,  sucrose  (cane  sugar),  maltose  (sugar  of 
malt),  lactose  (milk  sugar),  respectively., 

3.  Lipase, 

Peptidases  do  not  act  upon  unchanged  protein.  They  act  best 
at  a  pH  of  about  8.  The  intestinal  wall  itself  contains  peptidases, 
and  small  amounts  are  present  in  other  tissues  of  the  body,  in¬ 
cluding  the  blood.  The  intestinal  wall  also  contains  enzymes 
—  nuclease,  nucleotidase,  and  nucleosidase  —  capable  of  digest¬ 
ing  nucleic  acid  and  its  derivatives  (p.  400). 

Sucrase,  maltase,  and  laaase.  Sucrose  (cane,  beet,  and  maple 
sugar)  is  split  by  sucrase  into  a  molecule  each  of  glucose  and 

Ercpsin  (from  G.  ereptomai  =  to  feed  upon)  is  an  old  term  applied  to  the  en¬ 
zymes  of  the  intestinal  juice  which  effect  the  final  breakdown  of  the  protein  mole¬ 
cule  to  amino-adds  in  the  belief  that  but  a  single  enzyme  was  responsible. 
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fructose;  maltose  when  acted  upon  by  maltase  yields  two  mole¬ 
cules  of  glucose;  and  lactose  is  converted  into  a  molecule  each 
of  glucose  and  galactose,  by  lactase.  The  hydrolysis  of  sucrose 
is  shown  in  the  following  equation. 

CiaH^aOn  +  H^O  =  CeHi^Oe  +  CeHioO* 

glucose  fructose 

Lipase,  though  in  lower  concentration  in  the  succus  entericus 
than  m  pancreatic  juice,  plays  an  important  role,  nevertheless 

afre  ^  ^ f  K '  T  importance  of  its  action  is  shown 

after  abolishmg  the  effect  of  the  pancreatic  lipase,  as  by  tying 

the  pancreatic  duct.  Followmg  this  procedure  at  least  70  pef 
cent  of  the  fat  in  the  food  undergoes  digestion.  ^ 

The  secretion  of  intestinal  juice.  Mechanical  types  of  stim 

tinal  juice.  The  contact  with  the  intestinal  mucosa  of  rough 
indigestible  constituents  of  the  food,  and  especially  distensim 
o  the  intestinal  wall  itself  by  food  masses,  exert  a  pronounced 
excitatory  effect  upon  the  intestinal  glands.  The  ^secretion  is 

S  wat'rf  1  “f  '1'°  in- 

testinal  wall.  The  extrmsic  nerves  (vagus  or  sympathetic')  do 
not  appear  to  have  any  excitatory  effect.  If  eitLr  of  these 

Zl  t  rn\  Tr  ^  plays  a 

role  in  controllmg  secretion  cannot  be  answered  definitely 

le  evidence  that  secretin  stimulates  the  b- 

testmal  glands  as  well  as  tlie  .pancreas. 

^  Comfosiuon 

f  Bile  and  Its  Storage  in,  and  Expulsion 

from  the  Gall-bladder. 

Ever  *ch  ”■  f 

p- .  ce„., ..  V  r.;rA- 2 
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cords  together  with  the  central  vein  is  known  as  an  hepatic 
{liver)  lobule.  On  one  side  of  each  liver  cord  is  a  blood  sinus; 
through  these  vessels,  called  hepatic  sinusoids,  courses  a  mixture 
of  portal  and  hepatic  artery  blood  (Figs.  8-22  , and  8-23).  On 
the  other  side  lies  a  fine  canal  {biliary  canaliculus)  into  which 
the  cells  of  the  liver  cords  discharge  the  bile  formed  from  the 
constituents  of  the  blood.  The  canaliculi  drain  into  channels  of 


2  Fig.  8-22  Diagram  of  a 
liver  lobule,  i,  interlobu¬ 
lar  vein;  2,  central  vein; 

3,  a  lobule.  The  fine  lines 
converging  toward  the 
central  vein  and  surround¬ 
ing  the  liver  cells  are  the 
3  hepatic  sinusoids. 

progressively  increasing  size  until  a  relatively  large  tube  —  the 
hepatic  duct  —  is  formed,  along  which  the  bile  leaves  the  liver. 

The  composition  of  bile.  Human  bile  is  a  clear  yellow  or 
orange-colored  fluid  secreted  by  the  liver  cells.  Its  chief  con¬ 
stituents  are  the  bile  pigments,  the  bile  salts,  lecithin,  cholesterol, 
inorganic  salts,  and  mucin.  The  following  table  gives  the  aver¬ 
age  composition  of  human  bile  as  it  is  secreted  by  the  liver. 

TABLE  18 


Water  .  974.80 

Solids  . 25.20 

Mucin  and  pigments  . 5.30 

Bile  salts  .  . . . ; 

Fatty  acids  from  soaps . 1.23 

Cholesterol  . 0.63 

Lecithin  1 

Fat  / . . . 

Inorganic  salts  . 3^22 
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Bile  coilected  from  the  gall-bladder  is  much  more  concentrated 

than  liver  bile  (see  p.  364). 

The  bile  pigments  are  called  bilirubin  and  biliverdin.  They 
are  derived  from  the  hemoglobin  liberated  from  red  blood  cor¬ 
puscles,  which  at  all  times  are  undergoing  disintegration  in  the 
blood  stream  (p.  72).  The  conversion  of  the  hemoglobin  to 
BILE  CANALICULUS 


BLOOD 
SINUS 

LIVER  CELL 

fnH  r  f  showing  blood  sinuses  (sinusoids) 

taJcen  S  ““s;  arrows  show  the  course 

taJcen  by  the  biliary  constituents  from  the  blood  to  a  biliary  canaliculus. 

bilirubm  is  effected  by  the  reticulo-endothelial  ceUs  of  the  spleen, 
wer  (Kupffer  «lls),  bone  marrow,  and  general  connective 
tissues  (p.  The  pigments  consist  of  the  porphyrin  part  of 
the  hemoglobin  molecule  -  that  is,  the  remnanf  of  the  mole¬ 
cule  after  the  globm  and  iron  have  been  removed.  Bilirubin  is 
ht  however,  with  the  porphyrin  in  hemoglo- 

7  it  porphyrin  group  is  also 

Itered.  The  iron  liberated  m  the  conversion  of  hemoglobin  to 
bile  pigment  is  stored  chiefly  in  the  liver  and  spleen. 


THE  PRODUCTION  OF  BILE  3^3 

Bilirubin  (C33H36N40,0  is  an  orange-red  pigment;  it  is  the 
chief  pigment  in  human  bile  and  in  the  bile  of  dogs.  Bihver- 
din  fC33H36N40s)  is  green  and  constitutes  the  greater  part  of 


Fig.  8-24  Diagram  illustrating  the  circulation  of  bile  pigment  i, 
liver;  2,  intestine;  3,  kidney.  The  dotted  line  indicates  the  entrance  of 
urobilinogen  into  the  blood  and  its  excretion  by  the  kidney  when  the 
liver  is  damaged,  or  there  is  an  excess  of  bile  pigment  production. 

Upon  reaching  the  intestine,  bilirubin  undergoes  reduction  as 
a  result  of  bacterial  action.  This  reduction  product,  which  gives 
the  yellow-brown  color  to  feces,  is  called  stercobilinogen  (also 
called  urobilinogen).  Upon  exposure  to  air  a  part  of  the  ster¬ 
cobilinogen  is  oxidized,  and  is  then  called  stercobilin  (or  urobi¬ 
lin).  Though  the  greater  part  of  the  stercobilinogen  is  passed 
with  the  feces,  a  part  is  absorbed  into  the  portal  circulation  and 
returned  to  the  liver,  whence  it  is  discharged  again  in  the  bile 
(see  Fig.  8-24).  In  health,  minute  amounts  of  urobilinogen, 
or  none  at  all,  find  their  way  into  the  general  circulation.  Any 
which  does  escape  from  the  liver  into  the  systemic  blood  is  ex- 
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creted  by  the  kidney,  but  the  amount  is  so  small  that  it  does  not 
stain  the  urine;  it  can  be  detected  only  by  delicate  chemical 
tests.  The  yellow  color  of  healthy  urine  is  not  due,  therefore  to 
this  pigment  (see  p.  301). 


Fig.  8-25  Upper  cut 
shows  the  relationship  of 
the  gall-bladder  and  bil¬ 
iary  passages  to  the  liver 
and  duodenum  (D).  B, 
common  bile  duct;  C,  cys¬ 
tic  duct;  G,  gall-bladder; 
H,  hepatic  duct.  Below 
is  an  X-ray  photograph  of 
the  gall-bladder  when  dis¬ 
tended  (i)  and  after  a 
meal  of  fat  (2).  (After 
Ivy.) 


,  sodium  glycocholate  and  sodium  taurocho- 

toe  The  bile  acids  glycocholic  and  taurocholic  are  produced  in 
the  liver  by  the  union  of  c/iolic  acid  (C..H40O5)  with  the 
ammo-acids  glycine  and  taurine  respectively 
JTie  secretion  of  bile.  We  have  seen  thai  the  cells  forming 
the  livtr  cords  are  exposed  on  one  side  to  the  blood  in  the 

iM^th?  removed  and  passed  as  bile 

into  the  biliary  canahculi  on  the  other  side  (Figs.  8-20  and 

8-21).  The  bile  IS  carried  through  a  system  of  channels  of 
progressivly  greater  size  to  the  large  hepatic  duct.  The  liver 

recX  into  TZ'  «^!“uously,  but,  instead  of  passing  di¬ 
rectly  into  the  intestme  as  it  is  formed,  the  bile  passes  into  the 
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gall-bladder  from  which  it  is  discharged  from  time  to  time  into 
the  duodenum. 

The  storage  of  bile  and  its  discharge  into  the  intestine.  The 
gall-bladder  is  a  small  pear-shaped  sac  which,  in  the  human 
subject,  has  a  capacity  of  about  50  cc.  It  is  situated  on  the 
under  surface  of  the  liver  (Fig.  8-25).  Leading  from  its  upper 


PANCREATIC  DUCT 


Fig.  8-26  Showing  ampulla  of  Varer  and  rings  of  smooth  muscle  sur¬ 
rounding  it  (sphincter  of  Oddi)  and  the  terminations  of  the  common 
bile  duct  and  pancreatic  duct. 

and  smaller  end  is  the  cystic  duct.  The  cystic  duct  joins  the 
hepatic  duct  at  an  acute  angle  to  form  the  common  bile  duct. 
The  latter  joins  the  pancreatic  duct,  the  chamber  formed  by 
the  fusion  of  the  two  ducts  being  known  as  the  ampulla  of 
Vater  (p.  366,  and  Fig.  8-26).  The  opening  of  the  ampulla 
of  Vater  is  guarded  by  a  ring  of  muscle  called  the  sphincter  of 
Oddi.  The  bile  passes  from  the  hepatic  duct  into  the  common 
bile  duct,  but  is  prevented  from  entering  the  intestine  by  the 
tonic  contraction  of  this  sphincter.  When  the  biliary  pressure 
reaches  a  value  of  from  50  to  70  mm.  of  water,  the  bile  forces 
its  way  along  the  cystic  duct  into  the  gall-bladder  where  it  is 
stored  until  required.  Water  and  salts  are  absorbed  from  the 
bile  during  its  stay  in  the  gall-bladder.  The  bile  of  the  gall¬ 
bladder  has,  therefore,  a  much  higher  concentration  of  pig- 
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ments,  bile  salts,  cholesterol,  and  lecithin  than  has  bile  collected 
from  the  hepatic  duct.  A  ten-fold  increase  in  bile  concentration 
may  result  from  its  stay  in  the  gall-bladder. 

The  wall  of  the  gall-bladder  is  composed  of  a  thin  layer  of 
smooth  muscle  lined  by  mucous  membrane.  During  a  meal 
the  gall-bladder  contracts,  and  discharges  its  contents  down 
the  cystic  and  common  bile  ducts.  The  sphincter  of  Oddi  at  the 
same  time  relaxes,  thus  permitting  free  passage  of  bile  into 
the  duodenum.  The  gall-bladder  is  supplied  with  fibers  from 
the  vagus  and  sympathetic  nerves,  and,  undoubtedly,  nervous 
influences  (both  conditioned  and  unconditioned  reflexes)  play 
a  part  in  the  mechanism  of  the  expulsion  of  bile.  Emptying 
of  the  gall-bladder  has  been  observed,  for  example,  following 
the  sight,  smell,  or  taste  of  food.  Nevertheless,  evacuation  of 
the  gall-bladder  follows  the  ingestion  of  food  after  all  nervous 
connections  of  the  organ  have  been  severed.  The  contractions 
must,  therefore,  be  caused  by  some  material  carried  in  the  blood 
stream.  Such  a  material  has  been  extracted  from  the  mucosa 
of  the  duodenum  by  Dr.  A.  C.  Ivy  and  his  colleagues  in  Chi¬ 
cago.  The  hormone,  for  it  must  be  classed  as  such,  has  been 
named  ckolecystoJ^nin.  The  injection  of  a  very  small  amount 
of  this  material  causes  contractions  of  the  gall-bladder  in  ani¬ 
mals  or  in  man.  It  is  quite  distinct  from  secretin,  the  hormone 
for  pancreatic  secretion.  Not  all  types  of  food  are  equally  ef¬ 
fective  in  causing  the  production  or  liberation  of  the  gall¬ 
bladder  hormone,  fatty  foods,  especially  egg-yolk  and  cream, 
being  by  far  the  most  effective.  Shortly  after  a  meal  of  fat  the 
gall-bladder,  which  may  have  been  quiescent  for  several  hours 
previously,  contracts  forcibly  and  expels  its  contents  into  the 
duodenum.  In  order  to  bring  about  its  effect,  the  fat  appar¬ 
ently  must  first  have  undergone  digestion.  That  is  to  say,  the 
products  of  fat  digestion  appear  to  be  the  essential  materials 
which  call  the  hormonal  mechanism  into  play.  Protein  and 
carbohydrate  foods  are  much  less  effective  than  fat  as  stimu¬ 
lating  agents. 

'ae  functions  of  the  bile.  The  bile,  besides  serving  as  a 
vehicle  for  the  elimination  of  pigments  and  certain  other  waste 
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products,  performs  important  functions  in  the  intestine.  ^Its 
main  function  is  concerned  with  the  digestion  and  absorption 
of  fat.  Though  the  bile  does  not  contain  a  fat-splitting  enzyme, 
and,  therefore,  has  no  direct  action  upon  the  digestion  of  fat, 
the  bile  salts,  through  their  power  to  lower  surface  tension,  aid 
very  greatly  in  the  emulsification  of  fatty  materials  in  the  in¬ 
testinal  contents.  The  digestion  of  fat  is  materially  advanced 
thereby,  for  the  division  of  the  oily  materials  into  small  glo¬ 
bules  increases  by  several  fold  the  surface  exposed  to  the  action 
of  the  pancreatic  and  intestinal  lipases.  The  bile  salts  have  also 
the  property  of  rendering  soluble,  in  the  aqueous  fluids  of  the 
intestine,  the  fatty  acids  liberated  during  fat  digestion.  This 
is  the  so  called  hydrotropic  action  of  the  bile  salts.  The  dis¬ 
solved  fatty  acids,  in  turn,  have  the  property  of  lowering  sur¬ 
face  tension;  any  soaps  which  may  be  formed  during  digestion, 
and  the  cholesterol  of  the  bile,  have  a  similar  action.  These 
several  factors  combine  to  produce  a  fine  emulsion  of  fatty  ma¬ 
terial  in  the  small  intestine.  The  bile  salts  aid  fat  digestion  in 
another  way.  They  serve  as  specific  activators  of  the  pancreatic 
lipase.  That  is,  quite  apart  from  their  emulsifying  effect,  they 
enhance  very  greatly  the  fat-splitting  action  of  the  pancreatic 
juice.  The  action  of  the  intestinal  lipase  is  not  altered  in  this 
specific  way  by  bile. 

Bile,  important  though  it  is  for  the  efScient  digestion  of  fat, 
is  of  still  greater  importance  for  jat  absorption.  When  bile  is 
excluded  from  the  intestine  over  8o  per  cent  of  the  fat  is  di¬ 
gested —  that  is,  split  into  fatty  acids  and  glycerin.  A  large 
proportion  of  the  fatty  acids,  however,  is  not  absorbed,  but  ap¬ 
pears  in  the  feces.  Only  recently  has  the  part  played  by  the 
bile  salts  in  the  absorption  of  fat  been  elucidated.  They  unite 
in  the  intestine  with  the  fatty  acids  to  form  complex  compounds 
which  pass  readily  into  the  epithelial  cells  covering  the  intes¬ 
tinal  villi.  Here  the  bile  salts  are  freed  again  from  the  union, 
and  are  carried  in  the  portal  blood  to  the  liver  which  excretes 
them  again  in  the  bile.  This  circulation  of  the  bile  salts  has 
been  known  for  a  long  time,  though  its  significance  was  not 
apparent.  The  fatty  acids  liberated  from  their  combination 
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Pene- 

producK  of  &t  digcsdon  -  fa„y  acii  aidX  i™®' 
reunited  within  the  epithelial  celk  in  f.  ^  thus 

greater  part  (about The 

into  the  smal  lymphatks  (Skt  fat  passes 

ters  of  the  villi.^  tL  couS  rS  TT^ 

cent  of  the  fat  is  uncertain  It  is  proLw^ 

blood  of  the  portal  system  '  ^  ^  ^  ^  ^be 

beea  f^ed  b,  4e  Y 1"* 

are  stained  yellow  The  r  ^-  •  whites  of  the  eyes 

Bilirubin  appears  also  in  thelrirand^ 

into  the  saliva.  An  abnormallv  h'  not  pass 

bilirubin  may  be  due  to  excessivi  ‘concentration  of  plasma 

produced,  th'e  liver  a^d  TxcraolT^^^^^^^^ 

the  other  hand,  the  quantitv  o/n.V  normal.  On 

may  be  within  normal  limits  bm  ormed  m  the  body 

impaired  as  a  result  of  s  l  - 

not  remove  bilirubin  readily  from  Th  ?  '  boes 

passages  may  be  obstru  j  ^ile 

testine  is  then  prevented  Tte"  :  ^  f 

creased  dlstructkn^of  red  cdh  '^bich  cause  in- 

lytic  anemia,  and  poisoning  w/thSiSrhe°“'l^^“''"’ 

IS,  therefore,  due  to  the  exai.Jer.1  bemolytic  agents.  It 

namely,  the  liberation  of  hemfJ  k  T  ^  P™oess, 

cells.  This  type  of  I^n&ett  ^  blood 

^  e  IS  not  uncommon  in  the  newborn 
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infant;  it  persists  for  four  or  five  days  after  birth.  The  baby 
comes  into  the  world  with  an  excess  of  red  cells,  which  undergo 
destruction  during  the  first  few  days,  the  concentration  of 
bilirubin  in  the  plasma  being  thus  increased  to  the  point  at 
which  jaundice  appears.  This  type  of  jaundice  in  the  new-born 
is  harmless,  and  indeed  may  be  looked  upon  as  a  physiological 
phenomenon.  In  the  hemolytic  types  of  jaundice  the  stools  are 
dark,  due  to  the  increased  pigment  excretion ;  urobilin  may  ap¬ 
pear  in  the  urine. 

In  the  toxic  and  injective  types  of  jaundice  the  liver  cells  are 
injured  by  some  poison  or  infective  process  which  interferes 
with  their  ability  to  eliminate  bile  pigment. 

Obstructive  jaundice  is  most  often  the  result  of  blockage  of 
the  common  bile  duct  by  a  gallstone  within  its  lumen,  or  by  a 
tumor  pressing  upon  it  from  without.  In  this  type  the  dis¬ 
coloration  of  the  skin  and  mucous  membranes  is  usually  in¬ 
tense.  The  feces  are  pale,  being  usually  described  as  “  clay 
colored,”  because  bile  pigment  is,  of  course,  excluded  from  the 
intestinal  tract.  The  urine  is  usually  deeply  colored  with 
bilirubin. 

Movements  of  the  small  intestine.  Three  types  of  movement 
occur  in  the  small  intestine,  (a)  peristaltic,  (b)  segmenting,  and 

(c)  pendular. 

Peristaltic  movement  {peristalsis).  This  kind  of  movement 
is  not  restricted  to  the  small  intestine,  but  is  characteristic  of 
hollow  muscular  tubes  in  general.  It  has  been  mentioned  as 
occurring  m  the  esophagus  during  the  third  stage  of  swallow- 
iog,  and  in  the  pyloric  part  of  the  stomach.  It  is  also  seen  in 
the  large  intestine,  as  well  as  in  the  ureter,  Fallopian  tube,  and 
common  bile  duct.  The  movement  consists  of  a  ring-like  con¬ 
traction  of  the  muscular  wall  of  the  tube.  The  annular  con¬ 
traction,  as  it  travels  downward,  causes  a  certain  degree  of 
con-striction  of  the  bowel  which  sweeps  before  it  any  material 
wdthin  the  lumen  (Fig.  8-27).  The  movement  is  readily  started 
by  a  mechanical,  an  electrical  or  a  chemical  stimulus.  The  most 
powerful  stimulus  is  distension  of  the  bowel,  i.e.,  stretching  of 
the  muscle  fibers.  Filling  of  the  bowel  with  food  material 
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provides  just  such  a  stimulus,  the  contraction  occurring  imme¬ 
diately  behind  the  stimulated  region.  Peristaltic  movements 
may  follow  one  another  at  regular  and  fairly  frequent  inter¬ 
nals,  the  intestinal  contents  being  moved  steadily  but  o-ently 
along  the  canal.  At  other  times  a  brisk  peristaltic  contraction 
appears  which  travels  rapidly  along  the  tube  but,  after  moving 
the  food  a  considerable  distance,  may  not  be  repeated  for  some 
time.  This  is  called  the  peristaltic  rush.  Especially  strong 
stimulation,  the  action  of  a  cathartic  or  an  irritant  poison,  for 


Fig.  8-27  Diagram  ilius- 

trating  peristalsis.  F, 
food  mass  in  the  intestine. 
Arrow  indicates  the  direc¬ 
tion  of  the  movement. 


example,  may  set  up  a  peristaltic  rush  which  travels  throughout 
die  jengtli  of  the  small  bowel.  Such  a  moveinent  may  also  be 
mitiated  reflexly  from  the  esophagus  during  swallowing  or 
from  the  stomach. 

Except  in  the  duodenum  near  its  commencement  and  at  the 
terminal  part  of  the  ileum  (see  Fig.  8-1,  p.  317),  the  peristaltic 
movements  of  the  normal  small  intestine  are  always  from  the 
jomach  downward,  that  is,  in  a  direction  toward  the  anus. 
Peristalsis  in  the  reverse  direction  (antiperistalsis)  is  occasion¬ 
ally  observed  normally  in  the  situations  mentioned  above  It 
may  also  occur  anywhere  in  the  small  intestine  in  abnormal 
states  of  the  mtestmal  tract,  especially  when  the  canal  is  com¬ 
pletely  obstructed. 

The  segmenting  movements  are  rhythmical  constrictions  of 
the  intestme  which  serve  to  break  up  and  knead  the  food  to 
mix  It  thoroughly  with  the  intestinal  juices,  and  to  bring ’the 
mtestmal  contents  in  contact  with  fresh  absorptive  surfaces 
These  movements  also  increase  the  blood  and  lymph  flow  in  the 
^tmal  wall;  but  they  exert  no  propulsive  action  upon  the 

F^8  5'*'  “  30  p=r  minL  (sec 
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The  pendular  movements  are  simple  constrictions  of  the  in¬ 
testinal  wall.  They  move  up  and  down  the  bowel  for  short 
distances,  giving  a  to  and  fro  movement  to  the  semifluid  mate¬ 
rial  in  the  canal,  and  thus  lending  further  aid  to  the  processes 
of  digestion  and  absorption. 

1  - 


Fig.  8-28  Diagram  showing  the  effect  of  the  segmenting  movements 
upon  the  food  mass  in  the  intestine.  A  series  of  constrictions  of  the 
bowel  wall  suddenly  divides  the  column  of  food  (i)  into  a  number  of 
segments  (2).  Each  of  the  latter  is  bisected  again  the  next  instant,  the 
adjacent  halves  fusing  as  in, 3,  and  being  redivided  as  in  4.  The  proc¬ 
ess  is  repeated  over  and  over  again  until  the  food  is  thoroughly  mixed. 
(After  Cannon.) 

The  mnervation  of  the  smaM  intestine.  The  small  intestine 
receives  fibers  from  the  vagus  (parasympathetic)  and  the 
splanchnic  (sympathetic)  nerves.  The  vagus  is  excitatory,  the 
sympathetic  inhibitory,  in  action  (see  PL  8  A).  It  will  be 
noted  that  the  actions  of  these  nerves  upon  the  intestine,  as 
compared  with  their  actions  upon  the  heart,  are  reversed.  The 
intestinal  wall  itself  contains  two  nerve  plexuses.  One  of  these 
lies  between  the  two  muscular  coats  (circular  and  longitudinal) 
of  the  intestine  and  is  called  Auerbach's  plexus;  ganglion  cells 
are  found  among  the  network  of  nerve  fibers.  The  other 
plexus,  known  as  Meissners  plexus,  lies  in  the  submucosa 
(PL  8  B).  The  vagal  fibers  connect  with  the  ganglion  cells  of 
Auerbach  s  plexus ;  the  impulses  are  thence  conveyed  by  the 
axons  of  these  cells  (postganglionic  fibers)  to  the  muscle  fibers. 
The  sympathetic  fibers,  on  the  other  hand,  do  not  form  junc¬ 
tions  with  ganglion  cells  in  the  intestinal  wall  but  pass  directly 
to^  the  muscle  cells.  The  postganglionic  sympathetic  fibers 
arise  from  cells  in  the  celiac  and  superior  mesenteric  ganglia 
(PLii).  ■  ^ 
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Though  the  intestinal  movements  are  influenced  by  impulses 
travelling  over  the  vagus  and  splanchnic  nerves,  they  are  not 
dependent  upon  them,  for  the  three  types  of  intestinal  move¬ 
ment  continue  after  all  nerves  of  extrinsic  origin  have  been 
sectioned.  The  peristaltic  movements  are  then  carried  out 
through  the  intrinsic  nervous  mechanism  (plexuses  of  Auer¬ 
bach  and  Meissner).  The  segmenting  and  pendular  move¬ 
ments  are  dependent  upon  the  property  of  rhythmical  activity 
of  the  muscle  fibers  themselves,  and  not  upon  any  nervous 
mechanism.  They  continue  in  a  denervated  strip  of  intestinal 
muscle,  or  after  paralysis  of  the  plexus  by  cocaine. 

The  ileocolic  sphincter.  The  small  intestine  opens  into  the 
upper  part  of  the  cecum.  The  ring  of  muscle  surrounding  the 
opening  is  called  the  ileocolic  sphincter.  It  controls  the  passage 
of  the  contents  of  the  ileum  into  the  cecum  and  prevents  or 
hinders  the  reflux  of  material  into  the  ileum,  thus  protecting  the 
small  intestine  from  contamination  by  the  putrefactive  bacteria 
which  flourish  in  the  large  intestine.  The  sphincter  opens  and 
closes  during  digestion,  permitting  gushes  of  ileal  contents  to 
enter  the  cecum.  During  fasting  it  remains  closed  for  long 
periods,  but  opens  within  a  few  minutes  after  a  meal.  This 
indicates  a  reflex  action  initiated  by  the  entrance  of  food  into 
the  stomach.  The  ileocolic  sphincter  receives  motor  fibers 
through  the  sympathetic;  inhibitory  fibers  are  believed  to  be 
carried  by  the  vagus. 

The  innervation  of  the  ileocolic  sphincter  is,  therefore,  the 
reverse  of  that  of  the  small  intestine  itself.  A  peristaltic  wave 
in  the  small  intestine,  accompanied  by  relaxation  of  the  sphinc¬ 
ter,  is  brought  about  by  vagal  impulses;  the  ileal  contents  are 
passed  into  the  large  intestine.  Relaxation  of  the  wall  of  the 
small  intestine,  with  closure  of  the  sphincter,  is  caused  by  sym¬ 
pathetic  impulses ;  the  entrance  of  material  into  the  large  in¬ 
testine  is  prevented.  A  discharge  of  impulses  from  a  single 
nervous  center  (vagal  or  sympathetic)  in  this  way  either  drives 
the  semisolid  contents  of  the  ileum  through  the  sphincter,  or 
holds  them  back;  thus  incomplete  digestion  of  the  food  is 
guarded  against. 
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The  movements  and  innervation  of  the  large  intestine. 
Food  material  reaches  the  cecum  about  four  and  one  half  hours 
after  a  meal.  Rhythmical  movements  resembling  the  segment¬ 
ing  movements  in  the  small  intestine  may  be  seen  occasionally  in 
this  part  of  the  large  intestine,  but  peristaltic  contractions  are 
absent.  Regular  and  frequently  recurring  peristaltic  contrac¬ 
tions  are  absent  also  from  the  rest  of  the  large  intestine.  At 
certain  long  intervals,  however,  a  strong  peristaltic  wave  com¬ 
mencing  in  the  upper  end  of  the  ascending  colon  moves  swiftly 
over  the  transverse  colon.  This  mass  movement,  as  it  is  called, 
is  analogous  to  the  peristaltic  rush  in  the  small  intestine;  it 
empties 'the  transverse  colon,  sweeping  the  material  into  the 
descending  and  pelvic  colons  or  into  the  rectum.  The  pelvic 
colon  and  lower  part  of  the  descending  colon  serve  as  a  store¬ 
house  for  the  feces  until  the  desire  to  defecate  is  aroused. 

The  cecum,  ascending  colon,  and  the  first  third  or  so  of  the 
transverse  colon  are  supplied  with  motor  fibers  through  the 
vagus  nerves.  The  remainder  of  the  large  intestine,  including 
the  recmm  and  the  anal  canal,  is  supplied  with  motor  fibers 
through  the  pelvic  nerves  (parasympathetic  from  the  second, 
third,  and  fourth  sacral  segments  of  the  spinal  cord).  The 
inhibitory  fibers  to  the  entire  large  intestine  are  derived  from 
the  sympathetic.  These  two  sets  of  nerves  act  upon  the  inter¬ 
nal  anal  sphincter  in  a  reverse  fashion;  the  sympathetic  is  ex¬ 
citatory,  the  pelvic  nerve  inhibitory.  As  stated  previously,  the 
sympathetic  is  also  the  motor  nerve  to  the  ileocolic  sphincter. 
The  external  anal  sphincter  is  under  voluntary  control  through 
the  pudendal  nerves. 

In  health,  the  antagonistic  effects  of  the  parasympathetic  and 
sympathetic  nerves  to  the  large  intestine  are  nicely  balanced. 
But  the  balance  is  sometimes  upset.  Relaxation  and  weakness 
of  the  Walls  of  the  descending  and  pelvic  colons  result  from 
overactivity  of  the  sympathetic  innervation.  The  tone  of  the 
internal  anal  sphincter,  on  the  other  hand,  is  exaggerated.  The 
colon  is  unable  to  empty  itself  effectually,  and  dilatation  of  its 
lumen,  often  to  enormous  proportions,  follows.  This  condi¬ 
tion  is  called  megacolon  (G.  megas,  large)  or  Hirschsprung’s 
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disease.  When,  on  the  other  hand,  the  pelvic  nerve  (parasym¬ 
pathetic)  is  hyperactive  the  descending  colon  becomes  firmly 
contracted;  its  lumen  is  obliterated.  This  — the  so-called  spas¬ 
tic  colon  —  is  one  cause  of  chronic  constipation  (p.  376). 

Defecation  (evacuation  of  the  bowels)  is  a  re;flex  act  initiated 
by  the  passage  of  feces  into  the  rectum.  Normally  the  rectum 
is  empty,  except  just  before  defecation;  feces  are  forced  into  it 
from  the  pelvic  colon  by  a  mass  movement.  The  latter  move¬ 
ment  is  often  started  by  the  entrance  of  food  into  the  stomach 
—  gastrocolic  reflex.  This  reflex  is  responsible  for  the  desire  to 
defecate  so  often  experienced  a  short  time  after  a  meal,  es¬ 
pecially  breakfast.  The  distension  of  the  rectum  as  it  becomes 
filled  with  feces  acts  as  a  stimulus  to  afferent  nerve  endings  in 
the  rectal  wall.  The  impulses  set  up  are  conveyed  to  a  center 
in  the  sacral  part  of  the  spinal  cord.  The  efferent  nerve 
fibers  pass  to  the  wall  of  the  descending  and  pelvic  colons, 
rectum,  and  the  internal  anal  sphincter,  via  the  pelvic  nerves,' 
^d  to  the  external  anal  sphincter  and  the  striated  muscle  ly- 
ing  in  relation  to  the  rectum,  via  the  pudendal  nerves.  A 
higher  center  for  defecation  is  situated  in  the  medulla  ob¬ 
longata.  This  is  connected  to  the  lower  center  by  tracts  of 
fibers  in  the  spinal  cord.  The  intrarectal  pressure  necessary 
to  start  the  defecation  reflex  is  from  40  to  50  mm.  Hg. 

The  movement  of  defecation  consists  of  a  powerful  peri¬ 
staltic  contraction  of  the  descending  and  pelvic  colons  and 
rectum,  assisted  usually  by  a  voluntary  contraction  of  the  ab¬ 
dominal  muscles,  and  of  the  muscles  lying  in  relation  to  the 
rectum  (levatores  ani  and  rectococcygeus  muscles).  The  con¬ 
traction  of  the  abdominal  muscles  is  immediately  preceded  by 
an  inspiratory  movement  (descent  of  the  diaphragm  and  clo¬ 
sure  of  the  opening  [glottis]  of  the  larynx),  thus  raising  the 
intra-abdommal  pressure.  Relaxation  of  the  anal  sphincters 
occurs  reciprocally  vvith  the  contraction  of  the  intestinal  wall 
a  nervous  mechanism  which  we  have  already  dealt  with. 
Constipation.  Persons  vary  considerably  in  the  frequency 
with  which  their  bowels  are  evacuated.  In  some  a  bowel  move¬ 
ment  occurs  twice  or  even  three  times  daily,  while  others  may 
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fed  no  discomfort  if  an  interval  of  two  days  or  more  elapses 
between  movements.  The  majority  of  healthy  persons  have  an 
evacuation  daily,  usually  in  the  morning  after  breakfast.  Ow¬ 
ing  to  this  variability,  it  is  diiSiciilt  to  give  a  precise  definition  of 
constipation.  However,  when  the  interval  between  bowel 
movements  is  greater  than  twenty-four  hours  and  the  subject, 
as  a  result,  suffers  distress  or  discomfort,  e.g.,  headaches,  diges¬ 
tive  disturbances,  etc.,  or  if  the  feces  are  abnormally  dry  and 
hard,  and  the  evacuation  of  the  bowels  difficult,  constipation 
certainly  exists. 

Constipation  is  caused  most  commonly  by  bad  habits.  As 
mentioned  on  p.  374,  the  desire  to  empty  the  bowel  is  aroused 
by  the 'passage  of  feces  into  the  rectum,  and  the  stimulation  of 
afferent  nerve  endings  in  the  intestinal  wall.  The  act  can,  how¬ 
ever,  be  voluntarily  restrained  and,  when  this  is  practiced,  the 
tone  of  the  rectal  wall  is  reduced,  and  the  rectum  thus  accom¬ 
modates  its  capacity  to  the  bulk  of  the  feces  (postural  tone, 
p.  322);  the  afferent  nerve  endings  are  no  longer  adequately 
stimulated,  or,  at  any  rate,  are  unresponsive,  and  the  desire 
to  defecate  passes.  As  a  result  of  the  absorption  of  water  the 
retained  feces  become  dry  and  hard.  When  the  habit  of  post¬ 
poning  defecation  in  this  way  is  persisted  in,  the  rectum,  which 
normally,  except  just  before  evacuation,  is  empty,  contains 
feces  most  of  the  time;  it  becomes  permanently  -less  sensi¬ 
tive  to  distention,  and  its  muscle,  as  well  as  that  of  the  pelvic 
colon,  loses  its  tone.  It  is  well  known  that  the  reflex  mecha¬ 
nisms  governing  the  emptying  of  the  bowel  are  amenable  to 
“  training.”  A  type  of  conditioned  reflex  becomes  established. 
When  the  habit  of  emptying  the  bowels  at  a  certain  hour  each 
day  is  practiced  for  a  while,  the  desire  to  do  so  tends  to  recur 
regularly  at  this  time. 

Other  causes  of  constipation  are;  (sl)  A  diet  which  leaves  too 
little  unabsorbed  residue  or  one  which  contains  too  little  fluid. 
The  contents  of  the  large  intestine  are,  therefore,  of  small  bulk 
and  fail  to  furnish  a  sufficiently  strong  stimulus  (stretching  of 
the  intestinal  wall)  to  set  up  vigorous  peristaltic  contractions, 
(b)  A  colon  which  absorbs  too  readily  and  thus  causes  undue 
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drying  of  the  feces,  (c)  Hypertonic  state  of  the  muscle  of  the 
colon  — spastic  constipation;  the  transverse  and  descending 
colons  are  the  seat  of  a  strong  tonic  contraction  which  impedes 
the  progress  of  the  feces.  ^ 

The  myth  of  autointoxication.  The  general  effects  of  con- 
stiption  upon  the  sense  of  well-being  are  too  familiar  to  re¬ 
quire  description.  But  their  cause  is  a  subject  upon  which  there 
is  much  misunderstanding.  We  hear  a  great  deal  of  poisons 
formed  in  the  intestinal  tract,  and  the  dire  effects  which  they 
are  supposed  to  have  upon  the  body.  Intestinal  intoxication 
or  autointoxication  (self-poisoning)  is  glibly  spoken  of,  and 
advertisements  in  the  daily  press  exhort  one  to  irrigate  the  colon, 
in  order  to  remove  the  noxious  materials.  There  is  no  doubt 
whatever  that  small  amounts  of  powerful  poisons  are  formed 
m  the  large  intestine  as  a  result  of  the  action  of  bacteria  upon 
amino-acids  which  have  escaped  absorption  in  the  small  intes- 
tme.  'Hiey  are  intensely  toxic  if  injected  into  the  circulation. 
Some  of  these  substances  —  known  generally  as  amines  — zre 
formed  by  the  removal  of  a  molecule  of  carbon  dioxide  from 
such  amino-acids  (p.  393)  as  alanine,  tyrosine,  histidine,  etc. 
Among  the  more  potent  of  such  amines  are  ethylamine  (from 
alanine),  histamine  (from  histidine),  and  tyramine  (from  ty¬ 
rosine).  However,  the  production  of  such,  poisons  is  a  per¬ 
fectly  normal  process,  and  there  is  nothing  more  certain  than 
Aat  Aey  cannot  be  held  responsible  for  the  headache,  bad 
breath,  feed  tonpe,  or  any  of  the  other  effects  of  constipation. 
The  fey  is  provided  with  mechanisms  for  rendering  innocu¬ 
ous  the  poisons  formed  in  the  colon.  The  first  line  of  defense 
raised  agamst  them  is  in  the  wall  of  the  bowel  itself;  here  some 
are  destroyed  or  changed  into  harmless  compounds.  The  sec¬ 
ond  and  most  important  detoxicating  mechanism  is  in  the 
liver,  where  the  toxic  bodies  are  combined  with  sulphuric  acid 
or  with  g  ycuronic  acid.  The  resulting  relatively  innocuous  com- 
i»unds  {tndoxyl  sulfuric  aad  and  glycuronates)  pass  from 

the  liver  to  the  kidney  for  excretion. 

To  what  then  are  ie  symptoms  of  constipation  due?  It  is 
now  generally  conceded  that  they  are  of  reflex  origin.  Afferent 


Leji,  sample  of  blood  immediately'  after  centrifuging,  showing  the  separatiou  of 
ceils  laboiit  45  per  cent)  from  plasma  (about  55  per  cent).  Right,  uncentrifuged 
sample  of  blood  about  one  hour  after  it  has  coagulated  and  the  clot  has  condensed 
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2,  emSatl“'not2®blSf  d'nVof  “U-  1,  megaloblast; 

4,  extruded  nucleus;  5,  reticulocyte-  6^  fun-Tmqt  "°™°t.last  : 

views;  7,  microcyte  ^  erythrocyte,  front  and  profile 

rocyte.  as  seen  in  MrJc^us  fr,?  !  types  of  anemia;  S,  mac- 

of  leucocytes.  9,  small  IjTnphocjie^^lo'^lart  of  anemia.  9-15.  varieties 

of  monocyte;  13,  eosinophil;  14  'basonhif  “o  P’ 

the  development  of  the  leucocytes  Ifl^mvol/^w  stages  in 

18,  19  and  20,  three  ages  of  neiUroT^h-i  !'■  eosinophil  myelocyte; 

tnree  ages  of  neutrophil  myelocytes;  21,  basophil  myelocyte. 


PLATE  SB 

Section  of  a  lobule  of  the  spleen.  1,  capsule;  2,  branch  of  splenic  artery 
3,  Malpighian  corpuscle;  4,  vein;  5,  splenic  pulp  showing  blood  sinuses  (semi 

diagrammatic) . 
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eirculatr^'f --“1^ 

gastro-intestinal  tract  ani  “  T’ 

circulation;  7  renal  rirc,.!?*  ’  i"'  P"‘al  vein;  6,  he 

Umbs:  9.  capillary  bed  of  hLdTALT'^'RT  ' 

•’  "®'’‘  '-cntriele;  L.A.,  left  auricle^'  L^^;'leffvent 


PLATE  5B 

Sinus  and  aortic  reflexes.  Diagram. 
1,  cardioinhibitor^’’  center;  2,  vasocon¬ 
strictor  center;  3,  carotid  sinus  and  sinus 
nerve;  4,  spinal  cord;  5,  arteriole; 
6,  heart;  7,  efferent  fibers  of  vagus; 
S,  afferent  fibers  of  vagus  (cardiac  de¬ 
pressor  or  aortic  nerve) ;  9“,  preganglionic 
vasoconstrictor  fibers;  9^,  postganglionic 
vasoconstrictor  fibers.  Tasodilator  center 
and  fibers  not  shoum.  Tracing  below, 
taken  from  Bayliss,  shows  effect  upon 
the  blood  pressure  of  stimulating  the 
cardiac  depressor  nerve.  Arrow’-  indicates 
direction  of  tracing. 


PLATE  5A 

Diagram  of  the  efferent  cardiac  nerves. 
1,  vagus;  2,  preganglionic  fibers  of  the 
accelerator  nerves  (sympathetic) ;  3,  post« 
ganglionic  fibers  of  the  accelerators  con¬ 
stituting  the  superior,  middle  and  inferior 
cardiac  nerves.  Note  that  the  post¬ 
ganglionic  fibers  of  the  vagus  originate 
from  nerve  cells  situated  in  the  -wall  of 
the  heart. 


plate  6A 

A  diagram  ot  the  circulation  through  i 

capillary  loop;  4,  terminal  arteriole;  5^  subDaDillarwpno^^^T™^^’ 
limb  01  the  capillary  loop  and  the  plexus ’are  shou^n  in  .  ®  plexus.  The  venoi: 

but  actually  the  blood  in  these  channels  in  health  is  littl!trk:;rnrrter!arbl°ooc 


plate  6B 

the  coronary  arteries  1 

3.  acta.  4.  pul.ona.  a.e.y; 


PLATE  7 


Diagram  of  the  innervation  of  the  urinary  bladder.  B,  blad¬ 
der;  E,  external  sphincter;  G,  hypogastric  ganglion;  I,  in¬ 
ternal  sphincter;  K,  kidney;  U.  ureter.  L.  1,  2,  3,  4  refer 
to  the  ganglia  of  the  lumbar  sympathetic  chain.  S.  1,  2,  3, 


indicate  the  first,  second  and  third  sacral  segments  of  the 


PLATE  8B 

Nerve  plexuses  of  the  intestinal  wail.  Pre¬ 
ganglionic  fibers  of  vagus  (1)  in  red;  postganglionic 
hbers  of  sympathetic  (2)  in  blue;  plexuses  (5  and  7i 
m  yellow.  3,  intestinal  villi;  4,  muscularis  mucosae; 
o,  submucous  (Meissner’s)  plexus;  6,  circular  mus¬ 
cular  coat  fibers  showm  in  cross  section:  7.  myenteric 
(Auerbach  s)  plexus;  7,  longitudinal  muscular  coat. 
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PLATE  9A 

Diagram  of  receptor  and  effector  organs.  1,  exteroceptors: 
2,  interoeeptors;  3,  proprioceptors  (muscle  spindles);  4,  ef¬ 
fector  organs,  smooth  muscle,  gland  and  skeletal  muscle; 
5,  central  nervous  system. 


PLATE  9B 

Diagram  of  a  cross  section  of  the  spinal  cord  to  show  the  main  nerve  tracts. 
Ascending  tracts  in  blue,  descending  in  red.  1,  lateral  (crossed)  corticospinal  tract: 
2,  rubrospinal  tract;  3,  lateral  vestibulospinal  tract;  4,  anterior  vestibulospinal 
tract;  5,  iasciculus  cuneatus;  6,  fasciculus  gracilis;  7,  posterior  spinocerebellar 
tract;  8,  anterior  spinocerebellar  tract ;  9,  posterior  spinothalamic  tract;  10.  anterior 
spinothalamic  tract;  11,  anterior  (direct)  corticospinal  tract;  12,  anterior  horn 
cell  (motor  neuron);  13,  fibers  of  posterior  spinal  nerve  root  connecting  with 
secondary  neurons  in  spinal  gray  matter. 


PLATE  lOA 

Diagram  of  the  descending  tracts 
of  the  cord.  1,  Betz  ceil  of  motor 
area  of  the  cerebral  cortex;  2,  red 
nucleus;  3,  crossing  of  rubrospinal 
tracts  (decussation  of  F orelj ;  4,  de¬ 
cussation  of  pyramids;  5,  anterior 
corticospinal  tract  (direct  pyramidal 
tract) ;  6,  lateral  corticospinal  (crossed 
pyramidal)  tract;  7,  x'estibular  nu¬ 
cleus;  S,  vestibulospinal  tract;  9,  optic 
thalamus;  10,  cerebellum;  11,  me¬ 
dulla  oblongata;  12,  spinal  cord. 


PLATE  lOB 

Diagram  of  the  ascending  tracts  of 
the  cord.  1,  optic  thalamus  (thalamus 
of  left  side  not  shown  in  order  that 
the  connections  may  be  seen  more 
clearly);  2,  cerebellum;  3,  nuclei 
gracilis  and  ciineatiis  in  medulla 
oblongata;  4  ired),  pathway  for 
pain;  5,  (^yellow),  fiber  conveying 
sensations  of  touch,  etc.,  to  the  op¬ 
posite  side  of  the  cord;  6,  {blue),  fiber 
transmitting  touch  up  the  posterior 
columns;  7  and  S,  (black),  direct  and 
indirect  spinocerebellar  tracts;  9,  mid¬ 
line. 
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PLATE  il 

Plan  oi  the  autonomic  nervous  system.  Parasympathetic  fibers  on  left,  S3'm~ 
patlietic  on  right;  pregangHonic  in  black,  postganglionic  in  red.  Parasjmipathetic 
centers  in  stippled  shading.  The  Roman  numerals  refer  to  the  respective  cranial 
nerves.  A,  cerebral  cortex;  B,  hypothalamus;  C,  pituitary  gland;  D,  mid-brain; 
E,  pons;  F,  medulla  oblongata;  G,  ciliary  ganglion;  H,  sphenopalatine  ganglion, 
postganglionic  fibers  to  laehrj-mal  gland.  I,  submaxillary  ganglion,  postganglionic 
fibers  to  sublingual  gland,  submaxillary  gland  below,  ganglion  cells  within  the 
gland  substance;  J,  otic  ganglion,  postganglionic  fibers  to  parotid  gland;  K,  su¬ 
perior  cermeal  ganglion,  postganglionic  fibers  to  iris,  blood  vessels,  sweat  glands 
and  smooth  muscle  of  head.  The  middle  and  inferior  cervical  ganglia  are  shown 
below,  hi,  N,  O,  P,  celiac,  superior  mesenteric,  inferior  mesenteric  and  hypogastric 
ganglia,  respectively;  Q,  pelvic  nerve.  The  large  letters  T,  L  and  S  indicate, 
respecti\  elj",  the  thoracic,  lumbar  and  sacral  segments  of  the  spinal  cord. 
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PLATE  12B 

Diagram  to  illustrate  the 
division  of  the  autonomic 
nervous  system  into  cholin¬ 
ergic  and  adrenergic  types  of 
fiber.  P,  parasympathetic; 
S.  sympathetic;  1,  pre¬ 
ganglionic  fibers;  2,  post¬ 
ganglionic  fibers;  choliner¬ 
gic  fibers,  red;  adrenergic, 
hJack.  (The  figure  2  has 
been  omitted  in  error  from 
the  postganglionic  parasym¬ 
pathetic  fiber.) 


12  A 

Diagram  of  the  connections  of 
the  sympathetic  fibers.  Efferent 
fibers  in  black;  pregangiioiiic.  solpi 
lines;  postganglionic,  interrupted 
lines;  afferent  visceral  fiber  in  red. 
Collateral  ganglion  =  prevertebrai 
ganglion.  (After  Best  and  Taylor. 
The  Physiological  Basis  of  Medical 
Practice.) 
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The  of  tlie  posterior  half  of  the  left  eyeball  showing 

ti.e  eotraor-Q  of  the  optic  nerve  (optic  papilla  or  disk),  retinal 
’re-istf's,  inactila  lutea  and  fovea  centralis. 
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PLATE  13  B 

Illustrating  the  course  of  the  \dsual  fibers  from  the  retina 
to  the  occipital  cortex.  1,  left  \dsual  field;  2,  right  visual 
field;  3,  left  retina;  4,  right  retina;  T  =  temporal,  N  =  nasal; 
5,  optic  nerve;  6,  optic  chiasma;  7,  optic  tract;  S,  lateral 
geniculate  body;  9,  superior  colliculus;  10,  optic  radiation; 
11,  visual  area  of  the  occipital  cortex. 


PLATE  14A 

Diagram  of  the  three  primary  color  sensations  (A'oung- 
Heiinholtz  theory) .  1  represents  the  red,  2  the  green  and  3  the 
violet  color  sensation.  The  lettering  along  the  base  line 
indicates  the  colors  of  the  spectrum.  The  diagram  indicates 
by  the  height  of  the  curve  at  which  it  is  cut  by  the  vertical 
lines  the  extent  to  which  the  several  primary  sensations  of 
color  are  excited  by  vibrations  of  different  wave  leno’ths 
(After  Helmholtz.) 
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PLATE 

_  Chart  showing  color  fields  of  the  right  retina. 


ictiixa.  The  entire  area  of  the  retina 
the  periphery  of  a  given  colored  band  is  sensitive  to  that  color 
Area  for  yeUow  not  shown.  (After  HoweU.) 


PLATE  15  A 

Map  of  tongue,  shomng  dis¬ 
tribution  of  the  fundamental  taste 
sensations.  Yellow,  sweet;  blue, 
acid  and  salty;  green,  bitter. 
1,  tonsil;  2,  circurii vallate  papillae; 
3,  fungiform  papillae. 


PLATE  15B 


The  nerves  of  the  iris.  Con¬ 
strictor  pathway  (afferent  and  ef¬ 
ferent)  in  red,  dilators  in  blue, 
visual  fibers  black  interrupted  lines. 
1,  iris  and  ciliary  muscle;  2,  ciliary 
ganglion;  3,  nucleus  of  oculomo¬ 
tor  nerve;  4,  superior  colliculus; 

5,  \nsual  area  of  the  cortex; 

6,  spinal  cord;  7,  superior  cei-vieal 
ganglion. 


PLATE  15C 

Very  early  human  ovum  em¬ 
bedded  in  uterine  wail.  Note 
the  interlocking  of  the  tissue  of 
the  o\nim  (chorionic  ^dlli)  with 
the  uterine  tissue  (decidua). 
The  red  areas  are  blood  sinuses. 
1,  amnio  tic  cavity;  2,  j'olksac; 
3,  embryo.  (After  Bryce.) 


PLATE  16A 

Diagram  showing  a  g 
stages  in  trie  growth 
owini  and  clevelopnieiii 
embryo.  {Redrawn  ari< 
fied  from  Gray.i  1,  2 
2,  yolk  sac;  3,  chorion; 
rionic  viiii;  5,  embryo;  6 
7,  umbilical  cord. 


- 


LEFT 

VENTRICLE 


I 


UTERINE  VESSELS 


cT^ 


MATERNAL 
BLOOD  IN 
JNTERVILLOUS 
SPACES 


PLATE  16B 

bJodfc  ea™Sr;r£y’TvC  reduced  blood;  purpU,  aired 

V,,  «-aiuLiu  aicery,  inferior  vena  cava-  J  iuOTilar  vaJtt  v  P 

“uraTfof  "  -etionkf^he  plalenta;  oS; 

villous  SDaees  and  af+A  ^i^dicates  maternal  blood  delivered  into  inter- 
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impulses  set  up  in  the  distended  colon  or  rectum,  though  inef¬ 
fectual  in  precipitating  the  defecation  reflex,  produce  reflex  ef¬ 
fects  in  other  parts  of  the  body,  particularly  the  stomach  and 
blood  vessels.  The  headache  is  probably  due  to  the  effect  upon 
the  intracranial  blood  vessels.  The  rapid  relief  from  the  ill 
effects  of  constipation  which  follows  evacuation  of  the  bowels 
is  a  common  experience,  and,  in  itself,  argues  strongly  against 
such  effects  being  of  toxic  origin,  for  it  is  inconceivable  that 
poisons  could  be  freed  so  swiftly  from  the  blood  stream.  To 
quote  the  pertinent  comment  of  Dr.  Alvarez,' who  has  devoted 
much  time  to  a  study  of  the  question,  “  A  drunken  man  does 
not  at  once  become  sober  when  the  whisky  bottle  is  taken  from 
him.” 

Absorption  from  the  Intestinal  Tract 

The  absorption  of  food  products  is,  for  all  practical  purposes, 
confined  to  the  small  intestine.  Some  drugs  and  certain  hor¬ 
mone  preparations  can  be  absorbed  in  minute  quantities  from 
the  mouth,  especially  the  mucous  membrane  beneath  the 
tongue.  Alcohol  and  a  number  of  drugs  are  absorbed  from  the 
stomach  fairly  rapidly.  -  The  gastric  absorption  of  water  and, 
to  some  extent,  of  mineral  salts,  also  occurs,  but  much  more 
slowly.  The  absorption  from  the  stomach  of  glucose  and  other 
sugars  in  weak  solution  is  negligible,  but  may  be  considerable 
if  in  a  concentration  of  over  lo  per  cent.  The  greatest  absorp¬ 
tion  of  water  relatively  to  solids  occurs  from  the  large  intestine. 
As  a  result,  the  intestinal  contents  undergo  a  pronounced  re¬ 
duction  in  bulk,  and  a  change  in  consistency  in  their  passag^e 
through  this  part  of  the  intestinal  tract.  Unchanged  protein 
is  not  absorbed,  except  occasionally  in  minute”  amounts,  from 
any  part  of  the  gastro-intestinal  tract."  Fat  does  not  pass  from 
the  cavity  of  the  stomach  into  the  circulation,  though  an  at¬ 
tempt  at  absorption  appears  to  be  made,  for  after  a  meal  of  fat, 
fine  droplets  of  oil  can  be  detected  in  the  gastric  mucosa  itself. 

5  The  ingestion  of  a  large  quantity  of  raw  white  of  egg  may  be  followed,  even 
in  a  healthy  person,  by  its  appearance,  unchanged,  in  small  amounts  in  the  urine. 


DIGESTION 


37« 

The  alimentary  tract  from  a  physiological  point  of  view  must 
be  considered  as  lying  outside  of  the  body  proper.  Food  ma¬ 
terial  ingested  and  held  within  the  digestive  tube  cannot  be 
said  truly  to  have  entered  the  body  until  it  has  passed  across 
the  intestinal  mucosa  and  been  absorbed  into  the  blood.  Just 
as  the  skin  covers  the  outer  surface  of  the  body,  so  the  mucosa 

of  the  gastrointestinal  tract  constitutes 
its  inner  surface.  An  examination  of 
the  interior  of  the  small  intestine 
shows  how  well  this  part  of  the  lin¬ 
ing  of  the  body  has  been  fashioned  for 
increasing  the  area  exposed  for  the  ab¬ 
sorption  of  food  materials.  The  mu¬ 
cosa  is  raised  into  circular  folds  {plicae 
circulares)  which  in  the  upper  part  of 
the  intestine  may  be  nearly  a  third  of 
an  inch  in  depth.  These  and  the  in¬ 
testinal  villi  (p.  357),  especially  the 
latter,  increase  enormously  the  total 
absorbing  surface  (see  Fig.  8-29).  It 
has  been  estimated  that  the  number 
of  villi  in  the  human  small  intestine 
is  around  5,000,000  and  the  absorbing 
surface  not  far  short  of  10  square 
naeters  •— more  than  five  times  the 
skin  surface.  The  center  of  each  villus  is  occupied  by  an  ar¬ 
teriole,  a  venule,  and  a  lymph  vessel  or  lacteal.  The  arteriole 
leads  into  a  network  of  capillaries  lying  just  beneath  the  epi¬ 
thelial  covering  of  the  villus.  The  central  vessels  are  sur¬ 
rounded  by  areolar  tissue  together  with  bundles  of  smooth 
muscle  fibers.  If  the  intestinal  mucosa  of  a  living  animal  is 
examined  with  the  low  power  of  the  microscope,  the  villi  will 
be  found  to  be  in  ceaseless  motion,  swaying  or  lashing  from 
side  to  side,  and  lengthening  and  shortening  alternately.  These 
movements,  by  their  constant  agitation  of  the  intestinal  fluids 
m  the  immediate  neighborhood  of  the  villi,  aid  very  materially 
the  digestive  and  absorptive  processes. 


E 


Fig.  8-29  Showing  the 
interior  of  a  villus  with  its 
central  vessels  and  vascu¬ 
lar  connections. 
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It  will  be  recalled  tbat  the  intestinal  mucosa  is  impermeable, 
or  nearly  so,  .to  the  large  molecules  of  the  three  foodstuffs,  car¬ 
bohydrates  (starch  and  the  disaccharides  cane  sugar,  maltose 
and* lactose),  proteins,  and  fats,  but  permits  the  free  passage  of 
the  smaller  molecules,  glucose,  amino-acids,  fatty  acids,  and 
glycerin  liberated  by  enzyme  action.  The  absorption  of  these 
materials  is  not,  how^ever,  a  simple  process  of  diffusion,  in  which 
the  intestinal  mucosa  acts  merely  as  a  passive  membrane.  On 
die  contrary,  the  epithelial  cells  covering  the  villi  take  an  active 
part  in  the  absorption,  as  is  evidenced  by  the  observation-  that 
an  increase  in  oxygen  consumption  and  in  carbon  dioxide  pro¬ 
duction  accompanies  the  process.  Furthermore,  the  absorption, 
as  shown  by  .  the  following  experiment,  is  selective.  When  the 
three  sugars  glucose,  galactose,  and  fructose,  in  equal  concen¬ 
trations,  are  placed  in  a  loop  of  bowel  immersed  in  saline,  glu¬ 
cose  passes  through  -the  intestinal  wall  more  rapidly  than  does 
galactose,  and  galactose  more  rapidly  than  fructose,  provided 
that  the  intestinal  mucosa  remains  viable  and  uninjured.  After 
injury  or  death  of  the  mucosa  the  three  sugars  pass  through  it  at 
equal  rates,  i.e.,  simply  by  diffusion. 

After  passing  through  the  epithelium  of  the  villi,  the  glucose 
and  amino-acids  are  absorbed  into  the  network  of  blood'  vessels 
mentioned  above;  fat,  synthesized  in  the  epithelial  cells  from 
fatty  acids  and  glycerin,  passes,  for  the  most  part,  into  the 
lymph  channels. 

The  reaction  of  the  iiitestinal  contents.  The  formation  of 
feces.  The  reaction  of  the  duodenal  fluids  is  usually  slightly 
acid  but  it  depends  upon  the  stage  of  gastric  digestion  at  which 
a  sample  is  taken,  upon  the  degree  of  acidity  of  the  gastric  con¬ 
tents,  upon  the  quantity  of  alkaline  juices,  pancreatic  juice,  and 
mucus  secreted  into  the  duodenum,  and  upon  the  nature  of 
the  food.  It  may  be  definitely  alkaline.  The  contents  of  the 
remainder  of  the  small  'intestine  and  of  the  entire  large  intes¬ 
tine  have  a  reaction  a  little  on  the  acid  side  (a  pH  of  about  6.8), 
The  feces  are  very  faintly  acid  as  a  rule. 

The  feces  are  not  simply  and  solely,  imabsorbed  residues  of 
the  food,  but  are  made  up  largely  of  materials  excreted  from  the 
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blood.  During  starvation,  for  example,  the  bulk  of  the  fecec 
may  not  be  greatly  less  than  at  ordinary  times,  and  a  loon  of 
intestine  isolated  from  the  rest  of  the  intestine  becomes  filled 
after  a  few  aays  with  a  pasty  mass  indistinguishable  in  con¬ 
sistency  and  composition  from  ordinary  feces  except  that  of 
course,  being  isolated  from  the  rest  of  the  intestinal  tract  it 
contains  no  bile  and  is  therefore  pale.  Bacteria  make  up  about 
9  per  cent  of  the^ feces;  the  other  main  solid  constituents  are 
food  residues  ,  which  vary  considerably  in  amount  with  the 
proportion  of  indigestible  material  (chiefly  cellulose)  in  the 

itfkf substances,  and  minerals  eliminated  from 
the  blood,  together  with  epithelial  cells  and  leucocytes  shed 
from  the  mtestinal  mucosa.  A  very  small  proportion  of  d  gesth 
ble  food  appears  m  the  feces.  In  other  words,  practically  all  the 

Cr""’  which  is  eaten  is  absorid,  the 

food  residues  of  the  feces  consisting  almost  entirely  of  indi¬ 
gestible  substances  Vegetable  material,  since  its  framework  h 

Xr  foods°^Th-''  “^  feces  than  do 

other  foods.  This  mdigestible  material  or  “  roughage  ”  as  it  i. 

commonly  termed,  serves  a  useful  purpose  in  that  it  ’acts  as  a 
mechaniral  stuuu  us  mcreasmg  the  motHity  as  well  as  the  secre- 
tions  of  the  mtestmal  wall. 

Sukfances  which  cause  evacuation  of  the  bowels:  laxatives 
(^thartics,  and  purgatives.^  The  manifold  drugs  and  other  sub¬ 
stances  employed  to  stimulate  the  intestinal  movements  and 
cause  evacuation  of  the  bowels  do  not  bring  about  their  effect 
all  after  the  same  fashion.  Some,  such  as  Epsom  salts  (ma,- 
nesrum  sulfate)  bemg  not  absorbable,  cause  Lough  thL  os 
motic  effecra  flow  of  water  into  the  small  intestinf  which  by 
mcreasmg  the  bulk  of  the  mtestinal  contents,  causes  distentio/ 
and  consequent  stretchmg  of  the  bowel  wall;  this,  we  have  seen 
(p.  369),  acts  as  a  powerful  stimulus  to  peristalsis.  Other  ca- 
Aartics  such  as  oU,  contain  an  irrLnt  principle  wLl 

p  werful  irritant  which  m  very  small  dosage  causes  ^fuse 

a  cationic  or  a  ^  stimulating  action  than  either 
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purgation  and,  in  larger  amounts,  may  induce  acute  inflamma¬ 
tion  of  the  intestinal  mucosa.  Figs,  raisins,  etc.,  act  by  virtue 
of  their  indigestible  residue,  chiefly  seeds,  which  serves  me¬ 
chanically  to  stimulate  the  intestinal  movements,  local  reflexes 
being  set  up  in  the  nerve  plexuses  of  the  intestinal  wall.  Un¬ 
digested  material  of  any  sort  within  the  bowel,  e.g.,  the  skins 
o^fresh  fruit,  the  cellulose  of  raw  vegetables,  whole  wheat,  and 
bran  all  serve  as  intestinal  stimulants  by  increasing  the  bulk  and 
consequently  the  degree  of  stretch  of  the  bowel  wall.  Paraffin 
oil  which  is  not  absorbed  from  the  intestine  except  perhaps  in 
minute  amounts,  acts  in  a  similar  manner.  There  are  a  host  of 
other  laxatives  and  cathartics,  many  of  them  used  from  time 
immemorial,  of  which  little  is  known  definitely  concerning 
their  mode  of  action.  Vitamin  Bi  and  other  factors  of  the  B 
complex  tend  to  increase  the  tone  of  the  intestinal  muscula¬ 
ture,  and  thus  favor  natural  movements  of  evacuation. 

Reliance  upon  medicines  to  ensure  regular  bowel  movements 
should  be  avoided,  for  the  intestinal  musculature  tends  to  be¬ 
come  tolerant  to  their  use  and  requires  a  gradual  increase  in 
dosage.  Hygienic  measures,  diet,  exercise  and  habit  should  be 
depended  upon  whenever  possible. 


Chapter  9 

METABOLISM  AND  NUTRITION 


Metabolism  is  a  general  term  applied  to  the  various  chemical 
processes,  whatever  their  nature,  taking  place  in  living  tissues 
e.g.,  the  oxidation  of  food  materials  with  the  liberation  of 
ener^'  the  decomposition  of  compounds  into  more  elementary 
principles,  the  chemical  transformation  of  one  material  into 
anoAer  and  the  synthesis  of  complex  compounds  from  others 
of  simpler  constitution,  as  in  the  processes  of  tissue  repair  and 
growth,  or  m  the  manufacture  of  internal  secretions  and  en¬ 
zymes.  Reactions  mvolvmg  decompositions  are  embraced  by 

the  term  catabolism;  those  of  a  synthetic  nature  are  referred  to 
as  anabolism. 

Though  wme  of  the  reaction  taking  place  in  the  body  are 
accompanied  by  the  absorption  of  heat  (endothermic  reac! 

CeTothe™  ■*'  is  evolved 

(  xothermic  rractions).  The  sum  total  of  all  the  chemical  re- 

l>sm.  and  n  otpressed  m  terms  of  heat  given  out  by  die  body  in 
oFUr  'Tl-  ■«!  changes,  whether  If  a  catabolic 

hydrate  fat,  protein,  purine,  calcium,  etc.,  underg;es  toX 

body  IS  referred  to  as  ffeeii/mrtuMOT.  * 


General  Metabolism 

The  sun  is  the  source  of  all  energy  on  the  earth.  Plant  life 

is  ^pfbk  of  ut-r-°"  <=olormg  matter,  chlorophyl, 

IS  capable  of  utilizmg  the  energy  of  sunlight  to  form  carlx,hy. 
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drate  material  from  the  carbon  dioxide  of  the  atmosphere  and 
water  drawn  from  the  soil.  This  process  is  called  photosynthe¬ 
sis.  The  animal  body,  of  course,  cannot  make  direct  use  of 
solar  energy;  it  must  depend  upon  the  energy  stored  by  the 
plant  or  upon  that  provided  by  the  tissues  of  other  animals. 
The  food  —  fat,  carbohydrate,  and  protein  —  derived  from 
either  of  these  sources  therefore  represents  stored  or  potential 
energ\L  The  carbon  of  the  food,  after  absorption  from  the  in¬ 
testinal  tract,  is  oxidized  in  the  tissues.  Energy  is  liberated 
thereby  for  muscular  activity  and  for  maintaining  the  vital 
functions,  e.g.,  the  action  of  the  heart,  the  movements  of  the 
gastrointestinal  tract,  the  excitability  of  nervous  tissues,  etc. 
Thus,  the  various  foodstuffs  are  to  the  body  as  fuel  is  to  an  en¬ 
gine;  they  represent  a  certain  amount  of  potential  energy  which 
the  body  can  convert  to  other  forms  of  energy  —  mechanical, 
electrical,  chemical,  and  thermal. 

When  the  body  is  at  rest  —  that  is,  when  no  external  work  is 
being  performed  —  the  energy  liberated  from  food  materials 
appears  ultimately  as  heat.  A  heat  unit,  the  large  Calorie,^  is 
therefore  employed  as  a  measure  of  the  energy  liberated  in  the 
animal  body.  A  Calorie  is  defined  as  the  quantity  of  heat  re¬ 
quired  to  raise  a  kilogram  of  water  from  15°  to  16°  C.  Of  the 
energy  expended  during  muscular  exercise,  as  in  lifting  a 
weight,  walking,  etc.,  about  30  per  cent  appears  as  work,  the 
remaining  75  per  cent  is  converted  to  heat. 

Antoine  Lavoisier  (1743-1794)  the  celebrated  French  scientist 
of  the  i8th  Century  pioneered  in  the  field  of  metabolism. 
Through  the  clear  insight  of  genius  he  realized  that  the  heat 
produced  by  a  burning  candle  and  that  generated  by  the  body 
were  fundamentally  similar  processes.  He  showed  that  the  body 
burned  (oxidized)  the  food,  the  carbon  being  converted  to  car¬ 
bon  dioxide  (CO2)  and  the  hydrogen  to  water  (H2O).  He  de¬ 
vised  an  ice  calorimeter  calculating  the  heat  produced  by  the 
candle  flame  and  that  given  out  by  the  body  of  a  small  animal, 
e.g.,  a  mouse,  from  the  weight  of  ice  which  had  melted  during 

i  The  large  Caloric  used  in  physiology  is  written  with  a  capital  C  to  distinguish  it 
from  the  small  calorie  used  in  the  physical  laboratory. 
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the  period  of  the  experiment.  He  came  to  but  one  false  conclu¬ 
sion,  namely,  that  the  oxidation  of  the  food  with  the  production 
of  carbon  dioxide  and  water  occurred  in  the  lungs.  We  know 
now,  of  course,  that  it  occurs  in  the  cells  of  all  tissues,  a  process 
which  is  known  as  internal  respiration. 

The  law  of  the  conservation  of  energy  states  that,  though  one 
form  of  energy  is  convertible  into  any  other  form,  the  sum  total 
of  the  energy  in  the  universe  remains  constant  —  energy  can¬ 
not  he  created  or  destroyed.  This  law  holds  true  for  the  animal 
body.  That  is  to  say,  a  given  quantity  of  food  when  completely 
oxidized  in  the  tissues  yields  its  entire  store  of  potential  energj 
to  the  body  — the  energy  intake  balances  the  energy  output,  as 
measured  by  the  heat  produced  and  the  work  performed. 

The  food  may  not  be  completely  oxidized  in  the  body;  a  part 
may  be  stored,  or,  as  with  protein  (see  p.  396),  a  part  resists 
oxidation  and  is  excreted.  Nevertheless,  an  energy  balance 
can  be  struck,  if  any  gain  in  weight  is  noted  (stored  energy) 
and  the  quantity  of  unoxidized  residue  of  protein  food  in  the 
urine  is  determined. 

Energy  is  stored  in  the  adult  body  as  carbohydrate  (glyco¬ 
gen)  and  fat^  mainly  the  latter,  whenever  the  food  intake  ex- 

ceeds  the  energy  needs  of  the  body  —  that  is,  when  the  energy 
of  the  food  is  not  all  expended  in  maintaining  the  vital  proc¬ 
esses,  or  in  performing  muscular  work.  This  is  by  far  the  com¬ 
monest  cause  of  overweight  (obesity).  This  store  of  energy, 
in  the  form  of  fat  and  carbohydrate,  is  readily  available  and  will 
be  drawn  upon  should  the  energy  value  of  the  diet  at  any  time 
fall  below  the  body’s  energy  requirements.  During  a  prolon ged 
period  of  fasting,  after  the  stores  of  glycogen  and  fat  have  been 

dr^n  upon  and  exhausted,  the  protein  of  the  tissues  is  utilized 
to  furnish  energy. 

In  the  growing  body,  a  part  of  the  food  not  used  to  furnish 
energy  is  converted  to  new  tissue  with  a  resulting  increase  in 
weight. 

The  bomb  calorimeter.  The  potential  energy  of  a  foodsmff 
IS  determmed  by  measuring  the  heat  evolved  when  it  is  burned 
in  an  instrument  known  as  a  bomb  calorimeter  (see  Fig.  9-1)^ 
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The  lieat  generated  by  the  animal  body  may  be  determined  in 
a  mariner  identical  in  principle.  Now,  the  quantity  of  heat 
liberated  by  i  gram  of  carbohydrate  or  fat  is  the  same  whether 
the  material  is  metabolized  in  the  body  or  burned  in  the  bomb 
calorimeter;  4.1  Calories  are  generated  in  the  oxidation  of 


Fig.  9-1  The  bomb  calorimeter. 
A,  a  platinam  dish  upon  which  is 
placed  the  sample  of  food;  B,  bomb 
hlled  with  oxygen;  C,  vessel  hold¬ 
ing  water  in,  which  bomb  is  im¬ 
mersed;  D,  double- wa.lied  insulat¬ 
ing  iacket;  E,  fuse  which  can  be 
ignited  by  an  electric  spark;  F,  wa¬ 
ter  stirrer  turned  by  a  motor,  M; 
G,  thermometer;  H,  electric  wires 
for  ignition  of  fuse.  (Courtesy  of 
Emerson  Apparatus  Company,  Bos¬ 
ton,,  Mass.) 


I  gram  of  carbohydrate,  9.3  Calories  in  the  oxidation  of  i  gram 
of  fat.  Protein,  on  the  other  hand,  does  not  undergo  complete 
combustion  in  the  body.  The  nitrogenous  part  of  the  molecule 
resists  oxidation  and  is  excreted  in  the  urine,  mainly  as  urea 
(p.  300).  A  gram  of  protein,  therefore,  evolves  less  heat  when 
catabolized  than  when  burned  outside  the  body.  In  the  latter 
instance,  5.3  Calories  are  generated,  in  the  former  only  4.1. 

Animal  calorimetry.  The  heat  generated  by  the  body  may 
be  measured  directly  —  direct  calorimetry.  The  animal  is 
placed  in  a  closed  chamber  with  double  insulated  walls:  coils  of 
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copper  tubing,  through  which  water  is  circulated,  are  situated  on 
the  inner  walls  of  the  chamber;  thus  the  heat  given  out  by  the 
animal  is  absorbed.  The  temperature  of  the  water  as  it  enters 
and  leaves  the  chamber  is  recorded  by  thermometers. 

The  rise  in  temperature  of  the  water  in  degrees  centigrade, 
during  the  period  of  observation,  multiplied  by  the  total  volume 
of  water  in  kilograms  which  has  passed  through  the  chamber 
in  that  time,  gives  in  Calories  the  heat  given  off  by  the  animal. 
A  few  calorimeters  of  this  type  have  been  constructed  for 
metabolic  experiments  on  man,  but  their  great  expense  pre¬ 
cludes  their  general  use.  Indirect  calorimetric  methods  are 
therefore  employed  almost  entirely  in  metabolism  studies  upon 
the  human  subject. 

Indirect  calorimetry.  When  carbohydrate  undergoes  com¬ 
bustion  in  the  body  the  carbon  is  oxidized  to  carbon  dioxide 
(CO2)  and  the  hydrogen  to  water  (H2O).  Thus: 

CgHiaOe  +  6O2  =  6CO2  +  6H2O 

glucose  carbon  water 

dioxide 

The  body,  therefore,  reverses  the  reaction  carried  out  by  the 
green  plant  which,  as  already  stated,  synthesizes  carbohydrate 
from  carbon  dioxide  and  water.  In  the  complete  oxidation  of 
a  given  weight  of  carbohydrate,  whether  in  air  or  in  the  tissues 
of  the  body,  the  quantity  of  oxygen  used  and  of  carbon  dioxide 
produced  have  definite  and  constant  values.  It  is  also  known 
that  for  every  1000  cc.  of  oxygen  consumed  when  carbohydrate 
is  the  material  oxidized,  5.047  Calories  of  heat  are  evolved.  That 
is  to  say,  there  is  a  constant  relationship  between  the  volume 
of  oxygen  consumed  and  the  quantity  of  heat  evolved.  It  is 
evident,  therefore,  that  the  heat  production  of  an  animal  sub¬ 
sisting  upon  carbohydrate  food  could  be  determined,  provided 
that  the  quantity  of  oxygen  consumed  by  the  animal  were 
known.  The  relationship  between  the  oxygen  consumption 
and  the  heat  production  varies,  however,  with  the  type  of  food 
undergoing  combustion.  Carbohydrate  material  as  compared 
with  fat  is  relatively  rich  in  oxygen.  Thus,  C3H=(C.sH3.,0.). 
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is  the  formula  for  triolein,  a  common  fat.  More  oxygen  must, 
therefore,  be  supplied  from  a  source  outside  the  food  itself  for 
the  complete  oxidation  of  the  carbon  and  hydrogen  in  fat  than 
for  the  oxidation  of  these  elements  in  an  equal  quantity  of  car¬ 
bohydrate.  The  consumption  of  looo  cc.  of  oxygen,  when  fat 
is  oxidized,  is  accompanied,  therefore,  by  a  smaller  heat  produc¬ 
tion,  namely,  4.686  Calories  as  compared  with  the  figure  (5.047) 
given  above  for  carbohydrate.  The  corresponding  value  ioi 
protein  is  4.485  Calories.  These  values  are  termed  the  heat 
equimlents  of  the  food-stuffs. 

In  order,  therefore,  to  calculate  the  heat  production  of  the 
body  from  the  oxygen  consumption,  one  must  know  the  nature 
of  the  food  mixture  (the  proportions  of  carbohydrate,  fat,  and 
protein)  which  is  being  metabolized.  This  information  is  ob¬ 
tained  from  the  respiratory  quotient,  which  will  now"  be  ex¬ 
plained. 

The  respiratory  quotient  The  volume  of  carbon  dioxide 
eliminated  by  the  body  during  a  given  time,  over  the  volume 
of  oxygen  absorbed,  is  called  the  respiratory  quotient  (R.Q.). 

Vol.  CO*2  eliminated  .p.  ^ 

From  the  equation  given  on  page  386  it  wdll  be  seen  that, 
w"hen  the  food  undergoing  combustion  is  carbohydrate,  the 
volume  of  carbon  dioxide  eliminated  and  of  oxygen  absorbed 
is  equal.  When,  for  example,  100  grams  of  glucose  are  oxi¬ 
dized,  75  liters  of  oxygen  are  absorbed  and  75  liters  of  carbon 
dioxide  produced.  The  R.Q.  is  therefore  i.  In  the  com¬ 
plete  combustion  of  fat,  which  is  relatively  poor  in  oxygen,  the 
volume  of  oxygen  used  (200  liters  per  100  grams)  is  greater  than 
the  volume  of  carbon  dioxide  produced  (142  liters  per  100 
grams).  The  R.Q.  is  therefore  (Mo  =)  0.71.  The  respiratory 
quotient  for  protein  is  0.80  and  for  alcohol  0.67. 

On  an  ordinary  mixed  diet,  the  R.Q.  of  the  human  subject  is 
around  0.85.  After  fasting  for  12  hours  it  has  a  value  of  0.82. 
When,  as  in  the  fattening  of  farm  animals,  fat  is  being  formed 
from  carbohydrate,  that  is,  an  oxygen-rich  material  is  being 
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TABLE  19 

(After  Ziintz  and  Schumberg,  modified  by  Lusk) 


Non-protein 

respiratory 

quotient 

Calories  per 

Calories  derived  from 

liter  O2 

Carbohydrate 

Fat 

0.707 

4.686 

per  cent 

0 

per  cent 

100 

0.71 

4.690 

1. 10 

98.9 

0.72 

4.702 

4.76 

95.2 

0*73 

4.714 

8.40 

91.6 

0.74 

4.727 

12.0 

88.0 

0.75 

4-739 

15.6 

84.4 

0.76 

4-751 

19.2 

80.8 

0.77 

4-764 

22.8 

77*2 

0.78 

4.776 

26.3 

737 

0.79 

4.788 

29.9 

70.1 

0.80 

4.801 

66.6 

0.81 

4.813 

36-9 

63.1 

0.82 

4.825 

40-3 

597 

0.83 

4.838 

43-8 

56.2 

0.84 

4.850 

47.2 

bo 

0.85 

4.862 

50.7 

49-3 

0.86 

4.875 

54-1 

45-9 

0.87 

4.887 

57-5 

42.5 

0.88 

4.899 

60.8 

39-2 

p 

bo 

4.91 1 

64.2 

35-8 

0.90 

4.924 

67.5 

32.5 

0.91 

4-936 

70.8 

29.2 

0.92 

4.948 

74-1 

25-9 

0.93 

4.961 

77-4 

22.6 

0.94 

4-973 

80.7 

19-3 

0.95 

4.985 

84.0 

16.0 

0.96 

4.998 

87.2 

12.8 

0.97 

5.010 

90.4 

9.58 

0.98 

5.022 

93-6 

6-37 

0.99 

5-035 

96.8 

3-i8 

I.OO 

5.047 

100.0 

0 
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transformed  into  one  poor  in  oxygen,  the  R.Q.  rises  above  i. 
The  heat  equivalents  of  a  liter  of  oxygen  at  different  respiratory 
quotients  are  given  in  Table  19. 

These  respiratory  quotients  are  for  mixtures  of  fat  and  car¬ 
bohydrate  only  (nonprotein  respiratory  quotients').  For  very 
precise  work,  the  Calories  derived  from  the  metabolism  of  pro¬ 
tein  are  calculated  separately  from  the  quantity  of  nitrogen  ex¬ 
creted  in  the  urine.  But,  as  a  matter  of  fact,  only  a  negligible 
error  is  introduced  when  the  figures  in  the  table  are  used  for 
calculating  the  heat  production,  that  is,  without  any  attention 
being  paid  to  the  protein  metabolism. 

The  basal  metabolic  rate  (B.M.R.).  The  heat  production 
of  the  human  body  at  its  lowest  possible  level  in  the  waking 
state  is  called  the  basal  metabolism  or  the  basal  metabolic  rate 
(B.M.R.).  In  its  determination,  all  conditions  which  have  a 
stimulating  effect  upon  heat  production  must  be  eliminated.  It 
is  measured,  therefore,  12  hours  after  the  last  meal  (usually  in 
the  morning  without  breakfast)  with  the  subject  lying  down  at 
complete  physical  and  mental  rest,  and  at  a  room  temperature 
of  about  20°  C.  No  strenuous  muscular  exertion  should  be 
undertaken  for  24  hours  prior  to  the  determination.  The 
B.M.R.  is  usually  expressed  in  Calories  per  square  meter  of 
body  surface  per  hour."  It  may  be  determined  from  either  the 

-  In  the  early  investigations  of  metabolic  problems  it  was  the  practice  to  express 
the  heat  production  of  the  body  in  relation  to  its  weight  —  that  is,  in  Calories  per 
kilogram  of  body  weight  per  hour.  But  it  w^as  soon  found  that  the  surface  area  of  the 
body  rather  than  its  weight  w'as  the  determining  factor  in  heat  production.  Heat  is 
lost  from  the  surface  of  the  body  (p.  412)  and,  in  order  to  maintain  a  constant  body 
temperature,  must  be  balanced  by  beat  production.  The  greater  the  surface  area  of 
the  body  the  greater  is  the  amount  of  heat  which  is  dissipated.  Now'  small  animals, 
such  as  mice,  rats,  etc.,  which  have  a  much  greater  surface  area  in  proportion  to  their 
weight  than  have  larger  animals,  such  as  dogs,  cattle,  horses,  etc.  (just  as  a  marble 
has  in  relation  to  its  mass  a  much  greater  surface  than  a  baseball),  have  a  corre¬ 
spondingly  greater  heat  production  on  a  body  weight  basis  than  have  the  larger 
animals.  When,  however,  the  heat  generated  is  calculated  and  expressed  in  relation 
to  the  surface  area  of  the  body,  it  is  found  to  be  approximately  the  same  for  mam¬ 
mals  of  all  sizes  under  comparable  conditions.  Thus  the  heat  production  of  a  mouse 
is  around  27  Calories  per  kilogram  of  body  weight  per  hour,  while  that  of  a  man  is 
only  about  i.i  Calorie  per  kilogram  per  hour.  But  both  have  a  heat  production  of 
around  40  Calories  per  square  meter  of  body  surface  per  hour.  (Of  course  the  area 
of  the  mouse’s  body  amounts  to  only  a  very  small  fraction  of  a  square  meter  and 
the  absolute  quantity  of  heat  given  out  is  relatively  minute). 
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quantity  of  carbon  dioxide  eliminated,  or  from  the  quantity  of 
oxygen  consumed  over  a  knov^n  period  of  time;  but  the  figure 
for  the  latter  is  now  most  commonly  employed  (see  Fig.  9-2). 
The  heat  value  of  a  liter  of  oxygen  for  various  metabolic  mix¬ 
tures,  as  indicated  by  the  respiratory  quotients,  is  given  in 
Table  19.  As  a  rule  the  R.Q.  is  not  actually  determined,  but  is 
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9^3  Bois^  chart  for  obtaining  the  surface  area  of  the  body  in 
square  meters  (as  indicated  by  the  slanting  lines)  from  a  subject’s 
height  and  weight  For  example,  a  person  170  centimeters  (approxi-* 
mateiy  5  ft.  8  in.)  tali  and  weighing  70  kilograms  (154  lbs.)  has  a  sur¬ 
face  area  of  1.8  square  meters. 

taken  to  be  0.82,  for  this  is  its  value  after  fasting  for  12  hours, 
under  which  conditions,  as  just  stated,  the  B.M.R.  is  deter¬ 
mined. 

Sample  calculation  of  the  BM,R.  from  the  oxygen  consump¬ 
tion.  If  the  oxygen  consumption  over  a  period  of  10  minutes 
is  2.500  liters,  then  the  hourly  heat  production  (under  the  con¬ 
ditions  defined  and  at  an  R.Q.  of  0.82)  is  2.500  X  4-825  X 
ft  =  72.36  Calories.  If  the  subject  .has  a  surface  area  of  say, 
1.8  square  meters,  which  is  the  figure  for  the  average  male 
adult,  then  the  hourly  heat  production  per  square  meter  of 
body  surface  is: 
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The  surface  area  of  the  body  bears  a  relationship  to  the  height 
and  weight  and  may  be  obtained  for  a  given  person  from  the 

chart  shown  in  Figure  9-3. 

In  young  healthy  adult  males  the  basal  metabolic  rate  is 
around  40  Calories  per  square  meter  of  body  surface  per  hour. 
It  is  lower  in  women  and  higher  in  children,  being  around  52 
Calories  during  the  early  years,  and  diminishing  gradually 
throughout  life.  It  reaches  the  adult  value  at  about  20  years  of 
age;  from  then  it  declines  more  slowly,  reaching  a  value  of 
around  36  Calories  in  old  age. 

The  physiological  conditions  which  raise  the  metabolism  are 
muscular  exercise,  a  low  environmental  temperature,  and  the 
ingestion  of  food,  especially  protein.  The  term  specific  dy¬ 
namic  action  is  applied  to  this  stimulating  effect  of  food  upon 
metabolism.  During  sleep  the  metabolism  is  lowered  by  about 
15  per  cent  below  the  basal  level. 

Among  pathological  conditions  which  increase  the  metab¬ 
olism  are  hyperthyroidism  (p.  451)  and  fever;  it  is  lowered  in 
hypothyroidism,  undernutrition,  deficiency  of  the  adrenal  cortex 
(p.  466),  and  in  certain  pituitary  disorders. 


The  Metabolism  of  Protein 


Protein  material  enters  largely  into  the  composition  of  all  types 
of  protoplasm,  both  of  animal  and  vegetable  origin.  Among 
foods,  meat  (muscle),  cheese,  eggs,  beans,  and  peas  (legumes) 
are  the  richest  sources.  Its  basic  slements  are  carbon,  hydroaem'i 
oxygeny  kitrogen' zni  sulfur, 'And  usually  phosphorus.' {its 
content  of  the  latter  three  elements  distinguishes  it  from  either 
fats  or  carbohydrates,  which  contain  only  carbon,  hydrogen 
and  oxygen.  The  body  is  dependent  almost  entirely  upon  pro- 
tern  for  Its  supplies  of  nitrogen  and  sulfur,  and  mainly  for  its 
piiospnorus.  ^ 


The  ammo-acids.  The  protein  molecule  is  made  up  of  a 
number  of  ammo-acids  linked  together.  Some  twenty-three 
different  ammo-aads  have  been  discovered.  The  simplest  of 
se  IS  called  glycine  or  glycocol,  which  consists  of  acetic 
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acid  in  which  a  hydrogen  atom  is  replaced  by  an  NHs  group. 
Thus; 

CH3  CHa  -  NH2 

I  I 

COOH  COOH 

acetic  acid  glycine 

The  majority  of  the  other  amino-acids  are  constructed  upon 

the  same  general  plan.  They  contain  a  fatty  acid,  e.g.,  propi¬ 
onic,  valerianic,  caproic,  succinic,  etc.,  and  one  or  two  NH- 
(amino)  groups.  An  incomplete  list  of  the  amino-acids  with 
their  empirical  formulas  is  given  in  Table  20. 

The  protein  molecule,  being  built  of  amino-acids  linked  to¬ 
gether,  possesses  free  COOH  (acid)  and  NHs  (basic)  groups. 
It  is  capable,  therefore,  of  acting  as  a  weak  acid  or  a  w'eak  base 
depending  upon  the  reaction  of  the  medium  in  which  it  is  dis- 

TABLE  20 

A  partial  list  of  the  amino  acids 

Glycine  (or  glycocollj,  C2H5NO2,  or  amino-acetic  acid 
.■\lanine,  C3H7NO2,  or  a-amino-propionic  acid 
*Threonine5  C4H9NO3J  or  Q:-amino~j8-hydroxy-n-butyric  acid 
"^Valine,  CaHiiNOa^  or  Qf-amino-isovaieric  acid 
*Leucine,  CeHisNOa,  or  a-ami no-isocap roic  acid 
^Isoieucme,  C6H13NO25  or  af-amino-^-ethvi-iS-methvl-propionic 
acid  ' 

Aspartic  acid,  C4H7NO4,  or  amino-succinic  acid 
Glutamic  acid,  C5H9NO4,  or  tx-amino-glutaric  acid 
"^Arginine,  C6H14N4O25  or  5~guanidin-a-amino-va!erianic  acid 
^Lysine,  C6H14N2O2,  or  Qi-e-diamino-caproic  acid 
Cystine,  C6H12N2S2O4,  or  di-cysteine  or  di-(jS-thio-Q!-amino- 
propionic  acid) 

^Methionine,  C5H11SNO2,  or  a-amino-'y-rnethyl-thiol-n-butyric 
acid 

^Phenylalanine,  C9H11NO2,  or  /3-phenyl-a-amino-propionic  acid 
Tyrosine,  C9H11NO3,  or  jS-parahydroxy-phenyl-a-amino-propionic 
acid 

^Tryptophane,  C11H12N2O2,  or  |S-indole-a-amino-propionic  acid 
^Histidine,  CeHgNsOo,  or  a-amino-jS-imidazol-propionic  acid 
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solved.  In  alkaline  solution  it  behaves  as  a  weak  acid;  in  acid 
solution  as  a  weak  base.  In  the  blood  plasma  and  the  other 
body  fluids  (which  are  slightly  alkaline  in  reaction),  protein, 
acting  as  an  acid,  forms  with  bases  compounds  called  protein- 
ates.  The  chief  base  is  sodium.  The  proteinate  undergoes  ioni¬ 
zation  (p.  13),  into  proteinate  anions  (P“)  and  cations  (Na+, 
fC  ,  etc.).  In  acid  solution,  protein  hydrochloride,  protein  sul¬ 
fate,  etc.,  are  formed,  the  protein  then  acting  as  a  weak  base. 
At  a  certain  reaction  nearer  the  neutral  point,  ionization  is  re¬ 
duced  to  zero;  the  protein  particles,  being  electrically  neutral, 
collect  together  into  clumps.  A  precipitate  of  the  protein  ma¬ 
terial  forms  which  is  visible  to  the  naked  eye;  this  is  called 
isoelectric  precipitation,  and  the  point  or  range  of  pH  at  which 
it  occurs  is  known  as  the  isoelectric  point  or  range.  The  latter 
varies  considerably  for  different  proteins  but  is  characteristic  for 
a  given  protein.  Proteins  (or  the  amino-acids  of  which  they 
are  composed)  on  account  of  their  ability  to  form  acids  or  bases 
depending  upon  the  H-ion  concentration,  are  termed  am¬ 
photeric  electrolytes  (Gk.  ampho,  both). 

There  are  several  proteins  which  contain  more  than  15  varie¬ 
ties  of  amino-acids,  but  the  assortment  varies  between  different 
types  of  protein.  The  total  number  of  amino-acids  in  a  protein 
molecule  may  be  200  or  more.  Such  proteins  are  composed, 
therefore,  of  molecules  of  relatively  enormous  size.  The  mole¬ 
cules  of  certain  other  proteins,  such  as  the  protamines,  contain 
much  fewer  amino-acids  and  are  correspondingly  smaller. 
There  is  thus  a  very  wide  variation  in  the  size  of  the  molecules 
of  the  different  types  of  protein.  Egg  albumin,  for  example, 
has  a  molecular  weight  of  around  40,000,  whereas  the  molec¬ 
ular  weights  of  some  other  proteins  are  in  the  neighborhood 
of  200,000.  A  few  have  a  molecular  weight  of  over  a  million. 
The  shape  of  the  protein  molecule  also  varies.  The  molecules 
of  some  proteins  such  as  the  myosin  of  muscle  and  of  that  form- 
mg  tendons  and  ligaments  (collagen)  are  long  and  fiber-like 
m  shape,  while  others,  such  as  those  of  serum  albumin,  are 
gl^ular.  A  short  classification  of  proteins  is  given  in  Table  15. 
The  growth  of  body  tissue  in  the  young  animal,  and  the  re- 
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TABLE  21 

Classification  of  proteins 

Simple  proteins 

Albumins^  e.g.,  ovalbumin  of  egg-white^  serum  albumin^  lactal- 
bumin  and  certain  vegetable  albumins 
Globulins s  e.g.,  serum  globulin^  fibrinogen^  mtellin  of  egg-yolk 
and  legumin  of  peas 
Glutelins^  e.g.,  glutenin  of  wheat 

Gliadins^  e.g.,  gliadin  of  wheat,  hordein  of  barley  and  zein  of  maize 
ScleroproteinSy  keratin  of  hair,  elastin^  collagen  and  gelatin  of 
connective  tissues 

Histones^  e.g.,  the  globin  in  hemoglobin 

Protamines^  in  spermatozoa,  e.g.,  salmine  in  spermatozoa  of 
salmon 

Conjugated  proteins^  i.e.,  proteins  containing  a  non-protein  group 
Nucleoproteins^  protein  combined  with  nucleic  acid  (p.  295) 
Chromoproteins ^  protein  containing  a  pigment  group,  e.g.,  hemo¬ 
globin 

Glycoproteins^  protein  containing  a  sugar  group,  e.g.,  mucin 
Lipoproteins^  proteins  whose  molecule  contains  a  fatty  acid 
group;  present  in  protoplasm  of  cells  of  various  tissues 
Phosphoproteinsy  proteins  containing  a  phosphorus  group  (other 
than  nucleoproteins),  e.g.,  casein  of  milk 
Derived  proteins y  products  of  the  action  of  acids,  heat  or  enzymes 
upon  proteins 
Metaproteins 
Coagulated  proteins 
Proteoses 
Peptones 

PeptidSy  dipeptidsy  tripepiids  and  polypeptids 

pair  of  protein  structure  in  the  adult  body  are  dependent  upon 
the  protein  (amino-acid)  content  of  the  diet.  But  since  the 
tissue  protein  of  a  given  animal  is  different  in  constitution  from 
the  protein  of  its  food,  the  latter  as  a  rule  must  be  completely- 
broken  down  into  its  separate  amino-acids  before  it  can  be  uti¬ 
lized  for  building  body  tissue. 

The  utilization  of  protein  in  the  construction  of  body  tissue 
may  be  compared  to  the  building  of  a  number  of  houses  of  dif- 
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ferent  types  from  materials  obtained  from  the  wrecking  of 
other  structures.  Each  brick  and  stone  in  the  old  buildings  is 
separated,  and  then  sorted  and  carted  to  the  new  sites.  Some 
of  this  building  material  will  be  more  suitable  for  one  type  of 
house,  some  more  suitable  for  other  types.  Other  materials 
again  cannot  be  used  at  all,  and  are  therefore  discarded  as  ref¬ 
use.  The  new  buildings,  though  constructed  from  materials 
taken  from  the  old,  will,  therefore,  be  quite  different  in  struc¬ 
ture  and  general  plan. 

From  this  analogy  the  amino-acids  are  sometimes  called  the 
“  building  stones  ”  of  the  protein  molecule.  Under  the  action 
of  the  peptidases  of  the  intestinal  juice  (p.  359)  the  protein 
molecule  is  completely  demolished,  in  the  sense  that  it  is  broken 
up  into  its  constituent  amino-acids.  The  separate  amino-acids 
are  absorbed  into  the  blood  stream  and  carried  therein  to  the 
tissues.  Each  tissue  chooses  those  which  it  can  make  use  of, 
rejecting  others.  ’ 

Those  amino-acids  which  cannot  be  utilized  by  the  body  are 
broken  up;  the  carbon  part  of  the  molecule  (i.e.,  the  fatty  acid 
group)  is  oxidized  to  carbon  dioxide  and  water,  thus  furnishing 
energy  to  the  body  or  is  converted  to  body  fat;  the  nitrogen 
goes  to  form  urea  which  is  excreted  in  the  urine.  The  removal 
of  the  nitrogen  (amino)  group  from  the  amino-acid  molecule 
is  called  deamination;  this  process  occurs  chiefly  in  the  liver. 
Certain  amino-acids  not  used  for  the  construction  of  body  pro¬ 
tein  may,  after  undergoing  deamination,  be  converted  to  glu¬ 
cose  which  is  then  either  oxidized  or  stored  in  the  liver  as 
glycogen  (p.  403).  In  diabetes  the  glucose  formed  from  amino- 
acids  is  largely  excreted  in  the  urine.  The  diabetic  subject, 
therefore,  continues  to  excrete  sugar  though  he  receives  no 
sugar  or  other  carbohydrate;  even  during  fasting  he  continues 
to  excrete  glucose,  which  is  then  derived  from  the  protein  of 
his  own  tissues. 

The  urea  in  the  urine  is  formed  mainly  as  a  result  of  the 
deamination  of  amino-acids  composing  the  protein  of  the  food 
Raising  Ae  protein  content  of  the  diet,  therefore,  increases  the 
output  of  urea  m  the  urine  and  vice  versa.  But  the  urea  is  not 
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entirely  derived  from  the  diet;  a  small  part  is  formed  from  the 
nitrogen  released  by  the  breakdown  of  body  protein,  for  the  tis¬ 
sues  are  constantly  undergoing  disintegration  and  repair.  Cre¬ 
atinine,  another  nitrogenous  constituent  of  the  urine,  is  also  de¬ 
rived  from  tissue  protein,  but  unlike  urea  it  is  derived  almost 
entirely  from  this  source.  Varying  the  protein  of  the  diet,  there¬ 
fore,  exerts  little  effect  upon  the  excretion  of  creatinine.  A 
small  quantity  of  nitrogen,  combined  in  various  ways,  is  also 
eliminated  from  the  body  by  passing  through  the  wall  of  the 
intestine  into  the  feces. 

During  starvation  or  upon  a  protein-poor  diet  the  break¬ 
down  of  body  protein  of  course  continues.  The  body  loses 
nitrogen  dirough  the  so-called  “  wear  and  tear  ”  of  tissue  pro¬ 
tein,  but  receives  none  to  make  good  the  loss.  That  is  to  say, 
the  output  of  nitrogen  in  the  urine  and  feces  exceeds  that  of  the 
food;  the  body  is  then  said  to  be  in  negative  nitrogen  balance. 
Similarly,  the  nitrogen  output  will  exceed  the  intake,  and  the 
body  will  be  in  negative  nitrogen  balance,  if  the  food  protein 
is  inadequate  in  amount  or  of  poor  quality  (i.e.,  if  its  assort¬ 
ment  of  amino-acids  is  unsuitable  for  repairing  body  protein,  the 
nonutilizable  amino-acids  being  excreted  in  the  urine).  In  the 
healthy  adult  receiving  an  adequate  diet,  the  nitrogen  excreted 
just  balances  the  nitrogen  taken  in  the  food  —  that  is,  the 
nitrogen  lost  as  a  result  of  the  breakdown  of  tissue  protein  is 
replaced  from  the  food;  the  remainder  of  the  food  nitrogen  is 
excreted.  The  body  is  then  said  to  be  in  nitrogen  equilibrium. 

During  growth,  after  a  period  of  starvation,  in  pregnancy,  in 
muscular  training,  or  in  convalescence  from  some  disease  which 
has  caused  the  excessive  destruction  of  body  protein,  the  quan¬ 
tity  of  nitrogen  excreted  is  less  than  that  taken  in  the  food, 
provided  the  protein  intake  is  adequate.  The  body  is  then  in 
positive  nitrogen  balance.  In  other  words,  nitrogen  is  retained 
for  the  construction  of  body  tissue. 

The  “  wear  and  tear  ”  quota  of  protein  metabolism  is  re¬ 
duced  by  carbohydrate  food.  For  example,  the  nitrogen  ex¬ 
cretion  is  considerably  less  on  a  diet  containing  carbohydrate 
but  no  protein,  than  in  starvation.  The  carbohydrate  dimin- 
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ishes  the  breakdown  of  tissue  protein.  This  is  spoken  of  as  the 
sparing  effect  of  carbohydrate  upon  protein  metabolism. 

We  have  seen  that  only  part  of  the  protein  molecule  can  be 
oxidized  in  the  body  and  thus  provide  energy.  Civilized  man 
cannot  subsist  on  protein  food  alone,  because  he  cannot  eat  and 
digest  enough  to  supply  the  required  energy.  One  gram  of 
protein  furnishes  4.1  Calories.  A  man  of  average  size  has  a 
daily  energy  expenditure  under  basal  conditions  of  about  1400 
Calories,  and  between  2500  and  3000  Calories  when  engaged 
in  lig;ht  occupation.  Now,  lean  meat  is  about  20  per  cent  pure 
protein.  Therefore  about 

1400  100 

- X  —  =  1700  grams 

4.1  20  '  & 

or  nearly  four  pounds  of  meat  would  need  to  be  eaten  daily, 
in  order  to  obtain  from  protein  the  energy  required  by  the 
body,  even  at  rest.  From  three  to  four  times  this  amount  of 
meat  would  be  required  to  furnish  the  energy  for  heavy  work. 
On  the  other  hand,  a  carnivorous  animal  such  as  the  dog,  which 
has  an  energy  expenditure  of  some  600  Calories,  can  consume 
two  or  three  pounds  of  meat  in  a  few  minutes  and  can,  there¬ 
fore,  derive  its  total  caloric  requirement  from  such  food.  The 
Eskimos  are  also  accustomed  to  the  consumption  of  relatively 
enormous  quantities  of  meat  and  fat. 

The  essential  amino-acids  and  the  relative  nutritional  values 
of  different  proteins.  An  essential  or  indispensable  amino-acid 
may  be  defined  as  one  which  must  be  present  in  the  diet  in  order 
that  the  growth  of  young  animals  may  proceed  normally,  and 
that  the  health  of  both  young  and  old  animals  be  maintained. 
In  a  sense,  probably  all  the  amino-acids  are  essential  in  one  way 
or  another  for  nutrition,  but  some  can  be  synthesized  in  the 
e.g.,  glycine,  or  formed  from  others  furnished  in  the  diet. 

It  is  not  necessary,  therefore,  that  such  amino-acids  shall  them¬ 
selves  be  present  in  the  food.  There  are  ten  essential  amino- 
acids;  they  are  marked  with  an  asterisk  in  Table  20  on  paee 

m- 

Proteins  are  not  all  of  equal  value  in  nutrition,  for  the  reason 
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that  the  various  types  differ  widely  in  their  amino-acid  con¬ 
stitution.  Those  which  possess  an  amino-acid  assortment  most 
closely  resembling  that  of  the  body’s  proteins  have  the  highest 
nutritive  value.  Generally  speaking,  and  as  might  be  expected, 
these  are  of  animal  origin  —  for  instance,  the  proteins  of  milk. 


TABLE  22 

Character  of  proteins  in  some  common  foods 


Food 

Chief  proteins 
present 

Amino-acid  constitution 

Milk  and  cheese 

,j  Casein 

Complete  but  low  in  cystine 

\  Lactalbumin 

Complete 

Corn  (maize) . . . 

Zein 

Lacks  lysine  and  tryptophane 
and  is  low  in  cystine 

^  Ovalbumin 

Complete 

. 

i  (  Ovo vitelline 

Complete 

Meat . 

/  Albumin 

1  \  Myosin 

Comolete 

Complete 

Peas . 

Legumin 

Incomplete,  low  in  cystine 

Wheat . 

J  Gliadin 

Incomplete,  lacks  lysine 

\  Glutenin 

Complete 

Gelatin . 

Gelatin 

Incomplete,  lacking  trypto¬ 
phane  and  tyrosine;  very 
low  in  cystine 

In  part  from  M.  S.  Rose,  Fomidations  of  Nutrition, 


eggs,  and  meat-  Some  proteins,  such  as  gelatin,  znA  zein  (in 
maize)  are  incomplete  —  that  is,  they  lack  certain  amino-acids 
which  are  essential  for  growth,  and  for  the  maintenance  of  ni¬ 
trogen  equilibrium  in  the  adult.  Others,  such  as  gliadin  (in 
wheat),  hordein  (in  barley),  and  legumin  (in  peas),  will  serve 
to  repair  body  protein  in  the  adult  but  will  not  support  growth, 
since  they  lack  certain  essential  amino-acids  or  contain  "them 
in  insufficient  amounts.  Young  animals  which  receive  one  or 
other  of  these  as  their  sole  protein  fail  to  grow.  Wheat,  peas, 
and  barley,  however,  contain  other  proteins  which  make  good 
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the  amino-acid  deficiencies  of  those  which  are  incomplete  (see 
Table  22).  Lactalbumin  of  milk,  and  ovalbumin  of  egg  white, 
the  proteins  of  meat,  and  glutenin  (of  wheat)  contain  all  the 
essential  amino-acids. 


Purine  Metabolism 

Unc  acid  (C5H4N4O3),  a  nitrogenous  compound  present  in 
normal  urine  and  blood,  is  a  purine  derivative.  Purines  are 
constituents  of  nucleic  acid  and  this,  in  turn,  is  found  in  the 
body  combined  with  protein,  the  compound  being  called  nu- 
cleoprotein.  Nucleoprotein  is  present  in  the  nuclei  of  cells  gen¬ 
erally,  and  such  tissues  as  those  of  thymus,  liver,  kidney,  pan¬ 
creas,  and  other  glandular  structures  are  particularly  rich  in 
this  material. 

Nucleic  acid  is  constituted  of  four  compounds  called  nucleo¬ 
tides.  A  nucleotide  contains  a  molecule  each  of  phosphoric 
acid,  z  pentose  (a  sugar  with  5  carbon  atoms  and  5  H2O  mole¬ 
cules),  and  a  purtne  {adenine  or  guanine^  or  a  pyrimidine 
group.  The  nucleoprotein  of  food  is  broken  down  by  intestinal 
enzymes  into  protein  and  nucleic  acid.  The  latter  is  split  into 
its  constituent  nucleotides  by  an  enzyme  in  the  intestinal  juice, 
called  nuclease.  The  nucleotides  are  absorbed  and,  through  the 
actions  of  specific  tissue  enzymes,  are  broken  into  their  com¬ 
ponents.  Phosphoric  acid  is  first  removed,  leaving  a  pentose- 
purine  (or  pyrimidine)  compound  called  nucleoside.  The 
sugar  IS  then  split  off.  The  fate  of  the  purine  derivatives,  ade¬ 
nine  and  guanine,  only  need  concern  us  here.  These,  as  a  re¬ 
sult  of  deamination  (splitting  off  of  NHs)  and  oxidation  by 
tissue  enzymes,  give  rise  to  uric  acid. 

Uric  acid  is  of  especial  interest  because  in  gout,  a  painful 
arthritic  condition,  its  excretion  is  reduced  and  its  concentra¬ 
tion  m  the  blood_increased.  Urip  acid,  in  the  form  of  crystals 
of  sodnm  urate,  is  deposited  in  the  tissues  surrounding  the  af¬ 
fected  joint.  Meats  such  as  liver,  sweetbreads,  kidney,  etc. 
which  are  rich  in  nuclear  material  and  consequently  in  nucleic 
acid,  tend,  therefore,  to  aggravate  the  symptoms  of  gout. 


CARBOHYDRATE  METABOLISM  4O5 

completely  removed  from  animals  a  condition  known  as"  pan¬ 
creatic  'diabetes  rapidly  develops.  This  is  characterized  by  a 
high  blood  sugar  (0.2-0.5  per  cent,  as  compared  with  the  nor¬ 
mal  of  o.i  per  cent)  and  the  excretion  of  sugar  in  the  urine. 
The  extent  of  the  increase  of  blood  glucose  {hyperglycemia) ^ 
and  of  the  loss  of  glucose  in  the  urine  {glucosuria  or  glyco¬ 
suria)  is  proportional  to  the  carbohydrate  content  of  the  diet, 
but  even  on  a  diet  composed  entirely  of  protein,  or  during 
fasting,  the  depancreatized  animal  excretes  a  considerable 
amount  of  sugar.  The  glucose  reserves  of  the  body,  e.g.,  liver 
glycogen,  are  rapidly  lost.  Sugar  is  then  made  from  tissue 
protein,  the  animal  losing  weight  as  a  result.  The  fat  depots 
are  also  called  upon;  the  fat  may  be  oxidized  directly  or  first 
converted  to  glucose.  At  any  rate,  the  increased  rate  of  break¬ 
down  of  fat  results  in  the  accumulation  of  ketone  bodies  in  the 
blood  {ketosis)  and  urine  {ketonuria). 

The  ketone  bodies  are  p-hydroxybutyric  and  acetoacetic  acids 
and  acetone.  The  two  organic  acids  are  normal  intermediate 
products  in  the  metabolism  of  fat,  ^hydroxybutyric  acid  being 
derived,  through  oxidation,  from  acetoacetic.  Both  acids  are 
present  in  the  body  in  health  though  only  in  small  amounts^ 
acetoacetic  acid  undergoing  almost  complete  oxidation  to  car¬ 
bon  dioxide  and  water.  When,  on  the  other  hand,  the  me¬ 
tabolism  of  carbohydrate  is  defective,  as  in  diabetes,  for  some 
reason  not  altogether  clear,  excessive  quantities  of  fat  are  me¬ 
tabolized  ;  acetoacetic  acid  is  formed  in  such  large  amounts  that 
it  cannot  be  completely  oxidized.  It  and  p-hydroxybutyric 
acid  accumulate  in  the  blood  and  tissues,  and  are  responsible 
for  the  acidosis  and  coma  of  diabetes.  Acetoacetic  acid  is  be¬ 
lieved  to  be  an  especially  toxic  product.  .  In  diabetes,  it  is  con¬ 
verted,  through  the  loss  of  a  molecule  of  carbon  dioxide,  to 
acetone,  a  volatile  substance  with  a  characteristic  odor.  Acetone 
is  exhaled  in  the  breath  and  excreted  in  the  urine. 

All  the  signs  and  symptoms  seen  in  animals  following  re-  * 
moval  of  the  pancreas  are  seen  in  human  diabetes  mellitus 
which,  in  most  instances,  is  the  result  of  disease  of  the  islets  of 
Langerhans  in  the  pancreas.  These  structures  are  solely  re- 
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sponsible  for  the  body  s  supply  of  insulin.  They  can  be  seen 
in  a  section  of  the  pancreas  as  small  groups  of  cells  lying  here 
and  there  between  the  pancreatic  alveoli  (Fig.  8-19,  p.^354). 
In  diabetes  there  is  also  an  accumulation  of  neutral  fat  in  the 
blood.  This  phenomenon  is  known  as  lipemia. 

The  disturbances  of  carbohydrate  metabolism  characteristic 
of  the  diabetic  state  may  be  explained  on  the  basis  of  (i)  fail¬ 
ure  of  utilization  (oxidation)  of  carbohydrate  or  (2)  abnormal 
rate  of  production  of  sugar  from  noncarbohydrate  sources. 
The  results  of  modern  research  favor  the  second  alternative. 

The  discovery  of  insulin  has  not  solved  the  problem  of  the 
cause  of  diabetes,  but  has  provided  an  effective  means  of  treat¬ 
ing  the  disease.  It  has  also  furnished  a  most  valuable  “  tool  ” 
for  studying  carbohydrate  metabolism.  Insulin  administered 
subcutaneously  or  intravenously  eliminates  all  the  signs  of  dia¬ 
betes  in  experimental  animals  or  in  human  patients.  Its  action 
IS  to  promote  the  storage  of  glycogen  in  muscles  and  liver,  to 
depress  the  wasteful  new  production  of  sugar  in  the  liver,  and 
to  increase  the  oxidation  of  carbohydrate.  The  hyperglycemia 
and  glucosuria  disappear.  Ketosis  is  eliminated.  The  rapid 
loss  of  body  tissues  is  checked.  ^ 

Insulin  has  now  been  prepared  in  crystalline  form;  it  is  a 
protem  containing  eight  or  more  amino-acids.  The  highly 
purified  insulin  is  absorbed  quickly,  when  administered  sub¬ 
cutaneously,  and  efforts  have  been  made  to  lengthen  the  period 
of  absorption  i.e.,  to  prolong  its  action.  The  most  satisfactory 
preparation  thus  far  developed  for  this  purpose  is  protamine 
zmc  insulm,  which  is  made  by  adding  protamine  and  zinc  to 
insulin  Protamine  is  a  simple  protein  obtained  from  fish 
sperm  (see  Table  21). 


While  a  deficiency  of  insulin  causes  diabetes,  overproduc¬ 
tion  1.S  responsible  for  a  clinical  condition  called  hypennsulin- 
ism.  The  outstanding  features  of  this  disease  are  a  low  blood 
sugar  {hypoglycemta),  and  the  symptoms  incident  thereto.  A 
similar  condition  may  be  produced  in  animals  by  an  overdose 

perTxdtrb-]7^^  aT'  neuromuscular  hy- 

perexcitabihty  and  hunger.  If  the  blood  sugar  continues  to  faU, 
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the  excitability  increases,  leading  to  involuntary  twitching  of 
muscles,  and  later  to  generalized  convulsions.  Glucose  is  the 
best  antidote  for  an  excess  of  insulin.  Other  carbohydrates  are 
effective  in  proportion  to  their  ability  to  form  2[iucose. 

Other  hormones  and  carbohydrate  metabolism.  The, influ¬ 
ence  upon  carbohydrate  metabolism  of  certain  hormones  of  the 
anterior  lobe  of  the  pituitary  is  dealt  with  on  page  476,  and- of 
thyroxin  and  the  hormones  of  the  adrenal  gland  on  pages  463 
and  468,  respectively. 

These  several  .hormones  constitute  a  complex,  but  delicately 
balanced  mechanism  whereby  the  metabolism  of  carbohydrate 
is  regulated.  The  various  phases  of,  and  the  ceaseless  changes 
in  carbohydrate  metabolism  —  the  utilization  of  glucose  by  the 
tissues,  the  formation  and  storage  of  glycogen  and  its  break¬ 
down  to  glucose,  and  the  new  formation  of  glucose  from  pro¬ 
tein  and  fat  —  all  come  under  the  influence  of  one  or  more  of 
the  hormones  mentioned.  Due  to  their  reciprocal  actions  the 
sugar  of  the  blood  and  other  body  fluids  is  maintained  at  an 
approximately  constant  concentration. 

The  nervous  system  and  carbohydrate  metabolism.  In  1855 
Claude  Bernard  showed  that  injury  to  the  brain  which  involved 
the  pons  and  the  *  cerebellum  as  well  as  the  floor  of  the  fourth 
ventricle  produced  hyperglycemia  and  giucosuria.  It  appears 
probable  that  these  lesions  set  up  nerve  impulses  which  caused 
the  breakdown  of  liver  glycogen.  This  may  be  due  to  the  con¬ 
duction  of  the  impulses  directly  to  the  liver  or  may  be  an  in¬ 
direct  result  of  adrenaline  liberation.  It  will  be  appreciated 
that  interference  with  the  nerve  supply  of  any  of  the  glands 
whose  secretions  affect  carbohydrates  may  exert  a  profound 
influence  on  the  metabolism  of  these,  substances. 

Fat  Metabolism 

The  neutral  fats.  The  common  fats  of  vegetable  and  animal 
tissues  are  compounds  of  the  higher  fatty  acids,  palmitic 
(C16H32O2),  stearic  (Ci8Hs<i02),  and  oleic  (C18H34O2),  with 
the  triatomic  alcohol  glycerol  (C;iH5(OH)3).  Each  molecule 
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of  glycerol  (glycerin)  is  combined  with  three  molecules  of 
one  or  other  of  these  fatty  acids.  The  resulting  compound  (or 
ester)  is  called  a  neutral  fat  or  triglyceride.  Depending  upon 
the  particular  fa'rty  acids  in  the  triglyceride  molecule,  the  three 
ch»;f  rats  are  iiamed  tripalmitin,  tristearin,  and  triolein,  respec- 
thelt’. 

The  fatty  tissues  of  animals  consist  of  connective  tissue  in 
which  is  deposited  a  mixture  of  neutral  fats,  triolein  being  in 
the  greatest  proportion.  Tripalmitin  is  present  in  smaller  and 
tristearin  in  least  amount. 

The  triglycerides  are  hydrolyzed  by  the  intestinal  enzymes 
(lipases)  into  .  their  constituents  —  fatty  acids  and  glycerin. 
In  the  presence  of  alkali,  fat  is  decomposed,  the  fatty  acid  then 
reacting  to  form  soap.  Thus, 

C3H5(Ci8H3502)a+3NaOH=3CH3(CH2)i6COONa+C3H5(OH)3 

tristearin  sodium  sodium  stearate  glycerin 

hydroxide  (a  soap) 

Fatty  or  waxy  substances  —  sterols,  steroids,  and  phospholip¬ 
ids  or  phosphatides.  The  sterols  are  secondary  alcohols  which 
are  present  in  animal  and  vegetable  tissues  in  combination  with 
fatty  acids.  The  sterols  are  but  one  group  of  a  class  of  fatty  or 
waxy  substances  known  as  steroids.  They  are  all  closely  allied 
chemically  and  include  the  hormones  of  the  sex  glands  and  of 
the  adrenal  cortex. 

Cholesterol  is  widely  distributed  throughout  animal  tissues, 
both  as  such  and  as  cholesterol  esters.  It  was  first  isolated  from 
gallstones  and  is  an  important  constituent  of  bile,  hence  its 
name  (G.  chole,  bile),  and  of  blood.  It  is  closely  related 
chemically  to  cholic  acid,  vitamin  D,  and  the  sex  hormones. 
Cholesterol  and  its  esters  are  especially  abundant  in  the  sheaths 
of  nerves,  brain  tissue,  and  skin. 

Ergosterol  is  found  in  plant  tissues;  it  acquires  antirachitic 
properties  upon  irradiation  with  ultraviolet  light. 

The  phospholipids  or  phosphatides  are  essential  constituents 
of  animal  and  vegetable  cells.  Brain,  muscle,  liver,  bile,  milk, 
and  eggs  contain  these  substances  in  especially  large  amounts’ 
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To  this  class  of  substance  lecithin,  cephalin,  and  sphingomyelin 
belong.  Upon  hydrolysis  they  yield  fatty  acids,  phosphoric 
acid,  and  a  nitrogenous  base.  The  nitrogenous  element  in 
lecithin  is  choline. 

Animal  fat  is  formed  from  the  fat  of  die  food  as  wed  as  from 
carbohydrate.  It  represents  a  store  of  energy  whicii  ody  can 
draw  upon  as  need  arises  (e.g.,  during  a  prolonged  period  oi 
fasting).  The  fat  of  the  food  is,  of  course,  not  deposited  in  the 
tissues  unchanged.  The  fatty  acids  derived  from  the  ingested 
fat  are  recombined  with  glycerin  in  such  proportions  as  to 
produce  a  fat  characteristic  of  that  of  the  animal’s  own  body 
—  that  is,  with  the  proper  mixture  of  the  three  types  of  neu¬ 
tral  fat. 

It  will  be  recalled  that  the  caloric  value  of  fat  (9.3)  is  more 
than  double  that  of  either  carbohydrate  or  protein,  w4ich 
makes  it  the  ideal  energy-storing  material.  Furthermore,  fatty 
tissue  is  almost  pure  fat,  whereas  carbohydrate  and  protein  ma¬ 
terials  are  laid  down  in  the  tissues  with  a  relatively  large  quan¬ 
tity  of  water. 

The  phospholipids  are  believed  to  play  an  important  part  in 
fat  absorption  and  fat  metabolism.  Fatty  acids,  it  is  thought, 
must  first  be  transformed  to  phospholipids  before  they  can  be 
transported  -across  cell  membranes. 

The  liver  and  fat  metabolism.  This  organ  occupies  such  a 
central  position  in  any  consideration  of  fat  metabolism  that 
particular  attention  must  be  directed  to  it.  The  liver  is  the  prin¬ 
cipal  if  not  the  only  site  of  production  of  the  ketone  bodies 
(see  p.  405).  Under  a  great  variety  of  pathological  conditions 
neutral  fats  accumulate  in  the  liver.  In  diabetes,  in  anemias, 
and  after  various  types  of  poisoning,  large  deposits  of  fats  are 
found  in  this  organ.  This  finding  suggests  that  fat,  which 
normally  is  transported  from'  the  fat  stores  of  the  body,  such  as 
in  the  subcutaneous  tissues  or  surrounding  the  abdominal  or¬ 
gans,  to  be  dealt  with  by  the  liver,  is,  under  the  conditions  just 
mentioned,  either  brought  to  the  liver  in  excessive  amounts, 
or  the  hepatic  cells  are  in  some  way  functionally  depressed  and 
are  unable  to  deal  with  even  the  normal  amount  of  fat. 
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Oxidation  of  fats.  The  fact  that  the  long  chain  fatty  acids 
are  oxidized  very  readily  in  the  body  makes  the  detection  of 
intermediate  product^  i  difficult  matter.  The  observations  of 
Knoop  in  the  1/  p  .  animal  suggest  that  the  so-called  ^-oxida- 
tion  takes  r  lac'e  — •  that  is,  that  there  is  successive  removal  of 
groups  of  two  carbon  atoms.  The  fact  that  the  ketone  bodies, 
i.e.,  those  with  four  carbon  atoms,  are  formed  only  from  fatty 
acids  with  an  even  number  of  carbon  atoms  obviously  supports 
the  theory  of  ^-oxidation.  The  results  of  in  vitro  experiments, 
however,  suggest  that  rupture  of  fatty  acid  chains  takes  place 
at  various  points  in  the  chain.  It  is  thus  apparent  that  our 
knowledge  of  fat  oxidation  is  very  incomplete. 

The  digestion  and  absorption  of  fat  are  dealt  with  in  Chan¬ 
ter  8.  ^ 

Obesity.  Overweight  of  the  body  due  to  the  excessive  ac¬ 
cumulation  of  fat  is  called  obesity  or  adiposity.  Though  a  very 
common  state,  it  must,  unless  of  very  moderate  degree,  be  con¬ 
sidered  an  abnormality.  Obesity  is  a  definite  hazard  to  the 
general  health,  and  in  several  ways  puts  the  physiological  proc¬ 
esses  at  a  disadvantage.  It  places  a  greater  than  necessary 
burden  upon  tbe  heart  at  all  times,  but  especially  in  the  per- 
formance  of  muscular  work.  Diabetes,  arterial  hypertension, 
and  degenerative  changes  hi  the  arteries,  and  gallstones,  are 
among  the  conditions  which  are  more  common  in  the  obese 
than  in  persons  of  normal  or  subnormal  weight.  Diabetes  has 
been  called  the  fat  man’s  folly.”  Obesity  tends  to  reduce  the 
body’s  resistance  to  infection,  and  the  extremely  obese  person 
IS  looked  upon  as  a  poor  risk  by  the  surgeon,  as  well  as  by  the 
msurance  examiner.  Someone  has  stated  the  case  of  the  over- 
wcight  p^son  of  middle  age  in  respect  to  life  expectancy  in  the 
epigram  “the  longer  the  belt  the  shorter  the  life.”  This  is 
well  borne  out  by  insurance  statistics.  In  persons  over  45  years 
of  age,  the  death  rate  for  those  who  are  overweight  is  con- 
siderably  above  the  average,  while  that  of  lean  persons  is  below 
average. 

The  came  of  obesity.  Some  cases  of  obesity  are  due  to  an 
endocrine  disorder,  or  other  specific  disease.  But  such  causes 
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are  rare.  The  common  type  of  obesity, -which  is  usually  re¬ 
ferred  to  as  simple  obesity,  is  due  to  the  intake  of  energy  (food) 
being  in  excess  of  the  energy  output  (work).  That  is  to  say, 
the  subject  eats  too  much  for  the  physical  work  which  he  does, 
or  he  prefers  foods  of  higher  caloric  value  than  the  person  of 
normal  weight.  The  excess  food  is  deposited  as  fat.  This  con¬ 
clusion  has  been  frequently  questioned,  but  attempts  to  prove 
otherwise,  by  experiments  upon  human  subjects,  have  failed 
repeatedly  to  prove  that  it  is  false.  The  metabolic  rate,  for 
example,  is  not  lower  in  the  obese  than  in  lean  persons.  In 
other  words,  the  metabolic  processes  of  the  former  are  not 
more  than  usually  economical  in  the  conversion  of  food  energy 
into  work. 

The  Regulation  of  Body  Temperature 

The  temperature  of  the  human  body  is  determined  by  placing 
a  thermometer  in  the  mouth,  axilla  (armpit),  or  rectum.  In 
health  the  mouth  temperature  is  around  98.6°  F.  The  tempera¬ 
ture  in  the  axilla  is  about  a  degree  lower  than  this,  and  the 
rectal  temperature  about  a  degree  higher.  Even  in  health,  the 
body  temperature  does  not  remain  at  a  constant  level  through¬ 
out  the  twenty-fours  hours,  but  is  from  1°  to  1.5°  lower  in  the 
early  morning  than  in  the  late  afternoon.  The  cause  of  this 
diurnal  fluctuation  in  body  temperature  is  unknown. 

The  body  temperature  represents  the  balance  struck  between 
the  heat  generated  by  the  active  tissues,  mainly  the  muscles 
and  liver,  and  that  lost  from  the  body  to  the  environment.  It 
is  remarkable  how  steady  the  body  temperature  remains  under 
widely  varying  conditions.  Little  change  in  body  temperature 
occurs  though  the  air  temperature  rises  to  100°  F.  or  falls  below 
zero,  nor  does  the  extra  heat  produced  during  light  work  occasion 
a  rise  in  temperature.  Strenuous  muscular  exercise  may,  how¬ 
ever,  cause  a  temporary  rise  in  temperature  of  from  1°  to  4°  F. 

Animals  such  as  mammals  and  birds  (warm-blooded  ani¬ 
mals)  which  can  maintain  a  constant  body  temperature  against 
variations  in  the  temperature  of  their  environment  are  called 
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homoiothermic.  Those  species,  e.g.,  fish,  frogs,  and  reptiles 
(cold-blooded  animals),  which  are  unable  to  regulate  their 
body  temperature  are  called  poikjlothermic.  Their  body  tem¬ 
perature  is  that  of  the  environment  (see  Fig.  9-4). 

Heat  bshmce.  It  is  obvious  that  the  quantity  of  heat  pro¬ 
duced  :r;  the  bcdy  (see  p.  412)  must  just  balance  the  quantity 
lost  to  the  environment.  If  the  body  produced  more  heat  than 
it  gave  off,  the  retained  heat  would  cause  a  rise  in  temperature; 

if  it  lost  more  than  it  generated, 
its  temperature  would  fall. 
The  average  daily  heat  produc¬ 
tion— that  is,  the  metabolism 
—  of  a  man  following  a  light 
occupation  is  around  2500  Cal¬ 
ories.  This  quantity  of  heat  is 
dissipated  in  the  ways  described 
in  the  following  section. 

Physical  factors  in  temper¬ 
ature  control.  I.  Radiation, 

.  convection,  and  conduction. 

Tl-ough  .hese  three  physical 
by  exposure  for  two  hours  in  an  en-  processes  the  body,  like  any 
vironment  rising  from  5°  to  35°  c.  Other  warm  object,  loses  heat  to 
A  ter  Martin.)  cooler  air  surrounding  it, 

.  and  to  any  cooler  objects  in  con¬ 

tact  with  It  or  m  its  immediate  neighborhood.  The  heat  lost  in 
this  way  can  be  increased  or  diminished  through  variations  in 
toe  quantity  of  blood  flowing  through  the  skin.  On  a  hot  day 
for  example,  the  vessels  of  the  skin  dilate;  more  blood  is,  there- 
tore,  brought  from  the  deeper  parts  of  the  body  to  the  surface, 
and  heat  loss  accordmgly  increased.  In  cool  weather  the  vessels 
ot  the  skin  constrict,  a  greater  proportion  of  the  total  blood 
volume  IS  distributed  to  the  internal  structures;  heat  loss  is 
thereby  reduced.  When  the  cold  is  extreme,  the  cutaneous  ves¬ 
sels  of  covered  parts  of  the  body,  such  as  the  trunks  and  limbs 
are  constricted,  but  in  the  skin  of  the  ears,  nGse,  cheeks,  etc.,’ 
^astomosmg  vessels  existing  between  the  arterioles,  on  the  one 
hand,  and  small  vems  on  the  other,  dilate  to  permit  a  free  flow 
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of  warm,  blood  from  deeper  parts  to  tbe  skin  of  the  exposed  re¬ 
gions,  thus  their  temperature  is  prevented  from  falling  too  low. 
The  anastomosing  vessels  lie  beneath  the  subpapillary  venous 
plexus  from  which  they  divert  a  considerable  proportion  of  the 
swiftly  flowing  blood  (Fig.  9-5  and  PL  6  A).  The  skin  is  kept 
w^arm  more  effectively  in  this  w^ay.  Thus  the  skin  may  ap- 
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Fig.  9-5  Showi,ng  an  arteriovenous  anastomosis  in  the  ski,n  of  an  ex¬ 
posed  part  (e.g.,  ear,  cheek,  linger)  through  which  warmer  blood  from 
deeper  parts  is  conducted  through  the  skin,  just  beneath  the  more 
superficial  vessels.  In  i,  the  arteriovenous  anastomosis  is  closed,  and, 
as  at  ordinary  environmental  temperatures,  blood  is  directed  through 
the  subpapillary  venous  plexus,  S.V.P.;  in  2,  the  blood,  as  at  low  tem¬ 
peratures,  is  shunted  through  the  communicating  vessel,  a  small  pro¬ 
portion  only,  passing  through  the  more  superficial  vessels.  The  co,n- 
tinuation  of  the  arteriole  into  the  subpapillary  venous  plexus  and  of 
the  small  vein  leading  therefrom  are  represented  merely  by  dotted 
lines. 

pear  pale  or  even  of  a  bluish  tint  though  quite  warm,  for  it  is 
the  amount  of  blood  flowing  through  the  venous  plexus  and 
not  that  in  the  deeper  cutaneous  vessels  which  gives  the  skin 
its  color  (see  p.  222). 

Another  important  factor  is  the  variation  in  blood  volume 
which  results  from  changes  in  environmental  temperature. 
The  blood  is  increased  in  volume  by  heat,  and  is  thus  capable 
of  absorbing  and  conveying  more  heat  to  the  surface  of  the 
body  for  elimination  through  radiation,  convection,  and  con¬ 
duction.  Cold  causes  the  reverse  effect,  namely,  a  reduction  in 
blood  volume  and,  in  consequence,  a  diminished  heat  loss. 
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2.  Evaporation  of  water  from  the  lungs  and  s\in.  The  latent 
heat  of  evaporation  of  water  is  about  0.6  Calorie®  —  that  is, 
this  quantity  of  heat  is  absorbed  in  the  vaporization  of  i  cc.  of 
water.  Under  ordinary  atmospheric  conditions  about  300  cc. 
of  water  are  vaporized  from  the  lungs  daily,  and  about  500  cc. 
from  the  skin.  This  represents  a  heat  lofss  of  (800  X  0.6  =) 
480  Calories. 

But  it  should  be  understood  that  the  evaporation  of  water 
from  the  surface  of  the  body  occurs  constantly  in  the  absence  of 
any  visible  sweating,  and  even  though  the  sweat  glands  are 
quite  inactive  or,  as  in  some  rare  instances,  when  they  are  en¬ 
tirely  lacking.  Like  any  other  moist  mass,  the  body  is  con¬ 
tinually  losing  weight  by  evaporation.  The  water  “seeps” 
(diffuses)  into  the  skin  from  the  underlying  tissues  and  is 
vaporized  from  the  surface.  This  water  loss  together  with 
that  from  the  lungs  was  first  observed  and  studied  by  an  Italian 
physician,  Sanctorio  Sanctorio  (1561-1636),  upon  himself  and 
called  by  him  insensible  perspiration.  The  quantity  of  body 
water  lost  from  the  skin  surface  as  visible  sweat  and  as  in¬ 
sensible  perspiration,  varies  with  the  degree  to  which  the  at¬ 
mosphere  is  saturated  with  moisture,  i.e.,  with  the  relative  hu¬ 
midity.  If  this  is  very  high,  a  large  part  of  the  sweat  may 
simply  drip  from  the  skin,  and  such  unevaporated  sweat  exerts 
no  cooling  effect.  The  relative  humidity  of  the  atmosphere  is, 
therefore,  of  the  greatest  importance  with  respect  to  our  com¬ 
fort  on  a  hot  day. 

It  is  clear  that  when  the  environmental  temperature  is  higher 
than  that  of  the  body,  heat  cannot  be  dissipated  by  radiation, 
convection,  and  conduction;  the  body  would  gain  rather  than 
lose  heat  were  it  entirely  dependent  upon  these  processes.  At 
such  temperatures,  evaporation  of  water  from  the  skin  and 
lungs  plays  the  leading  role  in  the  regulation  of  body  tempera¬ 
ture.  The  sweat  glands  are  stimulated,  and  visible  sweating  ap¬ 
pears  when  a  rise  of  from  0.5  to  i  °  F.  in  body  temperature  oc¬ 
curs.  The  rise  in  body  temperature  may  result  from  an  increase 
in  the  temperature  of  the  environment  or  from  increased  heat 
production,  as  in  muscular  exercise. 

^  The  latent  heat  of  the  evaporation  of  sweat  is  0.59  Calorie, 
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The  effect  upon  the  sweat  glands  is  brought  about  through 
a  center  in  the  brain  from  which  they  receive  impulses^through 
the  sympathetic  nerves.  A  rise  in  temperature  of  the  blood 
supplying  the  center  is  the  most  potent  factor  in  causing  the 
secretion  of  sweat.  This  is  shown  by  the  fact  that  heating  the 
carotid  artery  in  the  cat  causes  sweat  secretion  from  the, toe 
padsj  though  the  paws  themselves  are  kept  cool.  Sweating 
may  also  be  induced  reflexly  —  that  is,,  from  the  stimulation  of 
afferent  nerves  in  the  peripheral  tissues,  skin,  muscles,  and  so 
forth. 

In  dogs  and  cats  functional  sweat  glands  are  absent  from 
the  body  surface,  being  confined  to  the  skin  of  the  pads  of  the 
paws.  In  these  animals  rapid  breathing  (panting)  and,  in  con¬ 
sequence,  increased  vaporization  of  w^ater  from  the  lungs,  is 
relied  upon  to  increase  heat  loss  at  high  temperatures. 

3.  Of  the  total  heat  lost  from  the  body,  over  95  per  cent  is 
eliminated  through  (i)  and  (2)  discussed  above.  The  re¬ 
maining  5  per  cent  is  lost  in  the  urine  and  feces,  and  in  raising 
the  inspired  air  to  body  temperature. 

The  quantities  of  heat  lost  daily  in  each  of  the  several  ways 
just  described  are  given  (in  round  numbers)  in  the  following 
table. 

Calories 


(a)  Radiation,  convection,  and  conduction .  1850 

(b)  Evaporation  from  the  skin .  400 

(c)  Vaporization  of  water  from  the  lungs .  175 

(d)  Warming  inspired  air  to  body  temperature  ......  80 

(e)  Urine  and  feces  (i.e.,  heat  of  these  excreta  over  that 

of  the  food)  . . . .  50 

Total  daily  heat  loss  ■ .  2555 


Variations  in  the  quantity  of  heat  lost  through  these  physical 
factors  are  capable,  under  ordinary  circumstances,  of  main¬ 
taining  the^  body  temperature  at  the  normal  level,  but  at  very 
high  environmental  temperatures  or  when,  as  in  strenuous  mus¬ 
cular  effort,  heat  production  is  very  greatly  increased,  the 
mechanisms  of  temperature  control  may  be  inadequate;  the 
body  temperature  then  rises.  ■ 


4i6  metabolism  and  nutrition 

The  chemical  factors  in  temperature  control.  At  low  en¬ 
vironmental  temperatures  the  physical  mechanisms  are  in¬ 
capable  alone  of  reducing  heat  loss  sufficiently  to  prevent  a  fall 
in  body  temperature.  Chemical  regulation  then  comes  into 
play,  i.e.,  heat  production  increases.  The  body’s  fires,  so  to 
speak,  are  fanned.  The  point  in  the  temperature  scale  where 
physical  factors  are  aided  by  chemical  means  in  the  control  of 


Fig.  ^  Showing  the  effect  of  external  temperature  upon  metabolism. 
(From  Martin  after  Gessler  from  observations  upon  himself.) 


body  temperature  is  called  the  critical  temperature.  It  varies 
of  course  with  the  nature  and  thickness  of  the  clothing,  but  for 
the  naked  human  body  it  is  around  28°  C.  (82°  F.).  Cold 
therefore  acts  as  a  powerful  stimulus  to  metabolism.  The 
greater  heat  production  in  response  to  cold  is  brought  about 
mainly  by  increased  tone  and,  in  some  instances,  by  involuntary 
contractions  of  the  skeletal  muscles  (shivering),  and  of  the 
smooth  muscle  of  the  skin  (gooseflesh).  A  person  when  cold 
usually  indulges,  also,  in  some  form  of  muscular  activity  — 
walking,  swingmg  his  arms,  or  stamping  his  feet  —  which  very 
materially  increases  his  heat  production  (see  Fig.  9-6). 

At  temperahires  between  28°  and  30°  C.  the  body  (naked)  is 
able  to  establish  a  balance  between  heat  production  and  heat 
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elimination  without  calling  accessory  mechanisms  into  play  — 
sweating  on  the  one  hand  or  muscular  contraction  (shivering 
or  voluntary  muscular  movements)  on  the  other  —  and  one, 
therefore,  feels  quite  comfortable.  This  temperature  range,  or 
correspondingly  lower  temperatures  for  the  clothed  body,  is  for 
this  reason  called  the  comfort  zone. 

In  cold  climates  protein  food,  owing  to  its  specific  stimu¬ 
lating  effect  upon  metabolism  {specific  dynamic  action,  p.  392), 
gives  valuable  assistance  to  the  chemical  mechanism  of  tem¬ 
perature  control.  On  the  other  hand,  a  high  protein  diet  is 
unsuitable  in  hot  weather,  since  the  greater  heat  production 
which  it  induces  throws  an  additional  burden  upon  the  mech¬ 
anisms  responsible  for  heat  dissipation. 

Heat-controlling  centers.  The  main  center  for  the  control 
of  body  temperature  is  situated  in  the  fore  part  of  the  hypo¬ 
thalamus  —  that  region  at  the  base  of  the  brain  near  the  origin 
of  the  pituitary  stalk  (p.  470).  Isolation  of  this  region  by  sec¬ 
tion  of  the  brain  stem  or  upper  spinal  cord  renders  an  animal 
poikiiothermic  —  that  is,  incapable  of  maintaining  the  height 
of  its  temperature  independently  of  the  temperature  of  its  en¬ 
vironment  This  operation  also  paralyzes  the  skeletal  muscles; 
the  power  to  increase  heat  production  is  therefore  lost.  Stimu¬ 
lation  of  the  center  causes  a  rise  in  temperature.  The  center 
exerts  its  influence  upon  body  temperature  through  the  au¬ 
tonomic  nervous  system  causing  vasoconstriction  or  vasodilita- 
tion,  sweating,  increased  muscular  tone,  contraction  of  smooth 
muscle  in  the  skin  (shivering),  and  the  liberation  of  adrenal¬ 
ine  from  the  adrenal  medulla  which,  as  mentioned  below,  stim¬ 
ulates  heat  production. 

These  effects  upon  the  sweat  glands,  vessels,  and  the  adrenal 
gland  are  largely  reflex  in  nature,  the  center  being  influenced 
by  afferent  impulses  initiated  in  the  temperature  receptors  of 
the  skin.  But  such  effects  are  also  induced  by  a  rise  in  the  tem¬ 
perature  of  the  blood  supplying  this  region  of  the  brain. 

The  endocrine s  and  heat  regulation.  The  secretions  of  both 
the  thyroid  and  adrenal  glands  stimulate  heat  production. 
This  effect,  known  as  the  calorigenic  action  of  these'  hormones, 
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enables  an  animal  to  withstand  a  greater  degree  of  cold  than 
is  possible  for  one  which  has  been  deprived  of  either  or  both  of 
these  endocrines;  the  temperature  of  such  animals  is  usually 
subnormal.  Prolonged  exposure  to  cold  (over  a  period  of 
weeks)  causes  an  overproduction  of  the  thyroid  hormone,  or 
at  any  rate,  the  thyroid  glands  of  rats  who  have  been  so  treated 
show  pronounced  indications  of  increased  activity,  and  a  rise  in 
heat  production.  The  latter  effect  does  not  appear  in  thyroidec- 
tomized  animals  similarly  treated. 

The  hypersensivity  of  hypothyroid  patients  to  cold  and  of 
hyperthyroid  to  a  warm  environment  are  well  known. 

Fever  or  pyrexia.  A  rise  in  body  temperature  above  the  nor¬ 
mal  level,  unless  of  a  temporary  nature  as  in  strenuous  exercise 
or  as  a  result  of  exposure  to  a  high  air  temperature,  is  called 
fever  or  pyrexia.  The  highest  body  temperature  compatible 
with  life  is  between  107'^  and  108°  F.  The  rise  in  temperature 
is  due  primarily  to  an  impairment  of  the  mechanisms  for  heat 
elimination,  e.g.,  increased  blood  volume,  vasodilatation,  and 
sweat  secretion,  and  not  to  increased  heat  production.  At  the 
commencement  of  a  fever,  for  example,  the  skin  is  pale  and 
dry;  the  metabolism  is  not  increased.  Heat  elimination  is  re¬ 
duced  ,  heat  IS  therefore  retained  in  the  body  and  the  tempera¬ 
ture  rises.  Having  reached  a  certain  height,  the  temperature 
remain-s  fairly  steady,  for  now  heat  elimination  keeps  pace  with 
heat  production ;  a  balance  is  struck,  but  at  a  higher  level  than  in 
health.  Though,  as  just  mentioned,  increased  heat  production 
is  not  responsible  for  the  onset  of  the  fever,  the  higher  tem¬ 
perature  induced  through  heat  retention  causes,  in  turn,  greater 
heat  production,  for  the  heat  generated  in  the  body  is  the  result 
of  chemical  reactions,  mainly  oxidative  in  nature  and,  like 
chemical  reactions  in  general,  they  are  accelerated  by  a  rise  in 
temperature  (see  Fig.  9-7).  A  rise  of  i  °  F.  in  body  temperature 
increases  the  metabolism  by  about  7  per  cent. 

In  acute  infectious  diseases  and  in  bacterial  infections  gener¬ 
ally,  the  accompanying  fever  is  due  to  an  action  of  the  bacterial 
toxm  upon  the  heat-regulating  centers,  for  in  animals  whose 
bram  has  been  cut  across  below  the  centers,  the  injection  of  a 
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toxin;  which  in  a  normal  animal  would  cause  a  sharp  rise  in 
'temperature,  does  not  cause  fever.  In  some  instances,  the  bac¬ 
terial  toxin  may  act  directly  upon  the  heat-regulating  centers, 
but  probably  its  action  is,  as  a  rule,  an  indirect  one,  the  first 
effect  being  to  produce  chemical  changes  in  the  tissues  which 
alter  the  osmotic  pressure  of  the  tissue  fluids,  causing  the  with- 
draw^al  of  water  from  the  vascular  system  and,  as  a  conse¬ 
quence,  a  reduction  in  the  dissipation  of  heat  by  radiation. 
Furthermore,  the  reduced  blood  volume  causes  the  drainage  of 


Fig.  9-7  Chart  from  Du 
Bois  showing  the  effect 
upon  metabolism  of  ae  in¬ 
crease  in  body  tempera¬ 
ture  (fever). 

blood  from  the  cutaneous  vessels;  the  skin,  thus  becoming 
cold,  stimulates  cold  receptors,  and  brings  about  a  reflex  re¬ 
sponse  from  the  controlling  centers.  Cutaneous  vasconstric- 
tion  occurs,  which  again  reduces  heat  dissipation,  accompanied 
by  shivering.  One  of  the  first  symptoms  at  the  onset  of  an 
acute  infectious  fever  is  frequently  a  feeling  of  intense  cold, 
often  with  shivering,  shaking  of  the  limbs,  and  chattering  of 
the  teeth.  The  temperature  taken  in  the  mouth  at  this  time 
of  the  ''  chill  ”  is  found  to  be  high,  though  the  skin  may  feel 
cold  even  to  another  person,  and  the  patient  s  lips  and  nose 
appear  pinched,  pale,  and  even  of  a  bluish  tint.  The  mech¬ 
anism  of  a  chill  ”  at  the  commencement  of  a  fever  may  be 
compared  (though  not  exactly)  to  that  controlling  the  tem¬ 
perature  of  a  room  isolated  from  a  temperature-sensitive  device 
which  has  been  exposed  to  a  cold  draft.  The  heat-sensitive 
device  corresponds  to  the  cold  receptors  in  the  skin;  the  ther¬ 
mostat  to  which  it  is  connected  by  wires,  and  which  controls 
the  furnace,  to  the  heat-regulating  centers,  and  the  isolated 
room  to  the  deeper  tissues. 
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The  effect  of  certain  drugs  upon  the  body  temperature. 
There  are  many  drugs  which  have  a  fever-reducing  or  antipyretic 
action.  Among  such  agents  are  aspirin,  salicylates,  antipyrine, 
and  quinine.  They  appear  to  bring  about  their  antipyretic 
effect  by  increasing  the  blood  volume,  and  thus  increasing  heat 
dissipation,  for  the  greater  volume  of  fluid  available  for  cir¬ 
culation  through  the  vessels  near  the  body  surface,  the  greater 
the  amount  of  heat  which  will  be  radiated  to  the  surroundings. 
The  increase  in  blcxid  volume  is  thought  to  be  due  to  the  rise  in 
blood  sugar  which  these  drugs  induce;  water  is  drawn  into 
the  vessels  by  the  raised  osmotic  pressure  of  the  blood  plasma 
caused  by  the  increased  sugar  concentration.  Other  drugs  such 
as  morphine,  alcohol  in  large  amounts,  and  general  anesthetics 
(ether,  chloroform,  etc.)  are  capable  of  reducing  even  a  normal 
body  temperature  through  their  depressant  action  upon  the 
heat-controlling  centers.  On  the  other  hand,  reduction  in  cir¬ 
culating  fluid,  as  in  dehydration,  may  cause  fever. 

There  are  other  agents  which  raise  the  body  temperature 
above  the  normal.  Dinitro phenol,  a  drug  which  has  been  used, 
not  without  danger,  as  a  cure  for  obesity,  raises  the  body  tem- 
peramre  by  increasing  the  rate  of  oxidation  in  the  tissues.  The 
action  of  the  hormones,  adrenaline,  and  thyroxine,  in  this  re¬ 
gard,  has  been  referred  to  on  pages  452  and  462. 

Heat  stroke,  heat  exhaustion,  and  sunstroke.  After  a  person 
has  been  exposed  to  a  high  temperature  for  a  time,  his  heat¬ 
regulating  mechanism  may  fail,  and  very  serious  symptoms, 
even  death,  may  result.  The  effects  of  extreme  heat  fall  into 
two  categories  known,  respectively,  as  heat  strode  and  heat 
exhaustion.  In  the  former,  a  person  exposed  to  great  heat, 
often  while  undergoing  some  physical  exertion,  suddenly  be¬ 
comes  unconscious.  The  body  temperature  is  found  to  be  very 
high,  and  in  a  severe  case  may  reach  108°  or  110°  F.  Sweat 
secretion  is  suppressed;  both  blood  volume  and  urine  volume 
are  increased.  In  heat  exhaustion,  the  symptoms  develop  more 
gradually  and  consist  of  abdominal  cramps,  rapid  pulse,  low 
systolic  blood  pressure,  and  sometimes  dizziness  and  dyspnea. 
The  blood  and  urine  volumes  are  reduced,  and  the  chloride  of 
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the  blood  and  urine  much  below  normal  (due  to  loss  of  chloride 
in  the  sweat) .  Sunstroke  is  merely  a  form  of  heat  stroke  or  heat 
exhaustion,  the  body  absorbing  heat  from  the  direct  rays  of  the 
sun.  There  is  no  special  effect  of  the  sun’s  rays,  apart  from 
their  heat  in  causing  the  symptoms  of  so-called  sunstroke. 

The  Vitamins 

It  was  discovered  nearly  fifty  years  ago  that  diets  composed  of 
purified  protein,  fat,  and  carbohydrate,  and  containing  the  es¬ 
sentia!  minerals  would  not  support  life.  It  was  concluded, 
therefore,  that  foods  in  their  natural  state  contained  substances 
w4ich,  though  present  only  in  minute  amounts,  w^ere  never¬ 
theless  essential  to  life.  Sir  F.  Gowdand  Hopkins,  of  Cam¬ 
bridge  University,  w^as  among  the  first  to  suspect  the  presence 
of  such  materials  in  natural  foods.  In  1906  he  expressed  his 
view^s  in  the  following  words.  No  animal  can  live  upon  a 
mixture  of  pure  protein,  fat,  and  carbohydrate;  and  even  when 
the  necessary  inorganic  material  is  carefully  supplied,  the  ani¬ 
mal  still  cannot  flourish.”  The  chemical  nature  of  these  ma¬ 
terials  was  unknown,  so  they  were  called  simply  accessory  food 
factors.  Later  these  vital  elements  were  thought  to  belong  to 
a  group  of  nitrogenous  substances  known  as  amines.  They 
w^ere  therefore  named  pitamines.  It  was  soon  found,  however, 
that  this  conclusion  w^as  false.  The  name  was  retained,  how¬ 
ever,  but  it  was  suggested  that  the  terminal  “  e  ”  be  dropped. 
The  generic  term  pitamin  was  then  generally  adopted.  There 
are  a  number  of  different  vitamins.  Each  is  designated  by  a 
letter  of  the  alphabet.  The  vitamins  A,  D,  E,  and  K  are  soluble 
in  fats  and  fat  solvents  (the  fat-soluble  vitamins) ;  the  vitamins 
of  the  B  complex  and  vitamin  C  are  soluble  in  water  (the 
water-soluble  vitamins). 

The  growth  of  our  knowledge  of  the  vitamins  within  the 
past  three  decades  ranks  as  one  of  the  most  brilliant  acbieve- 
ments  of  physiological  and  biochemical  research;  immense 
have  been  the  benefits  which  the  practical  application  of  this 
knowledge  has  conferred  upon  mankin’d. 
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A  summary  of  the  vitamins  is  given  below: 
Vitamin  A  (antixerophthalmic) 


Vitamin  B  complex 


thiamin  or  vitamin  Bi  (antineuritic) 
riboflavin,  or  G 
nicotinic  acid  or  niacin 
pyridoxin,  Ba 
pantothenic  acid 
^  folic  acid 

antipernicious  anemia  factor,  B12 

biotin 

inositol 

para-aminobenzoic  acid 
choline 


Vitamin  C  (antiscorbutic) 
Vitamin  D  (antirachitic) 
Vitamin  E  (antisterility) 
Vitamin  K  (antihemorrhagic) 


Vitamin  A  (C2oH3oO)5  the  antixerophthalmic  vitamin.  The 

chief  sources  of  vitamin  ^  A  are  fish  liver  oils  (e.g.,  cod  and 
halibut),  dairy  products,  and  certain  vegetable  foods.  The 
following  is  a  list  of  materials  especially  rich  in  this  vitamin. 

Fish  liver  oils 
Butter  and  cream 

Egg  yolk 

Carrots,  yellow  maize  (corn),  alfalfa,  spinach,  peas,  beans,  and' 

Other  yellow  and  green  vegetables 


It  is  not  strictly  correct  to  say  that  plants  contain  vitamin  A. 
They  contam  rather  a  yellow  pigment  called  carotene  (C40H50) 
which,  after  being  taken  into  the  animal  body,  is  converted  by 
the  hver  into  vitamin  A  according  to  the  following  equation: 

C40H56  +  2H2O  =  2C20H30O 


*  There  are  actually  two  vitamim  .4.  Each  is  derived  from  a  separate  carotene 

vitamin  A  fi",t 

.Covered  and  p  esent  m  mammalian  livers,  and  in  the  commoner  types  of  food  is 

vitamin  A. 

tfie!ive?of  fresh  tT  vitamin  A  found  in 

tfie  livers  of  frcsli-water  lish;  its  provitamin  is  carotene-/3. 
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Carotene,,  being  ,a  precursor  of  the  vitamin,  is  called  provitamin 
A,  The  green  and  yellovi^  parts  of  plants  contain  more  of  the 
provitamin  than  do  the  paler  portions.  The  content  of  vitamin 
A  in  milk  and  butter  varies  with  the  carotene  content  of  the 
fodder  of  the  cow.  After  ingestion  the  carotene  is  transformed 
in  part  to  vitamin  A  and  secreted  as  such  in  the  milk.  A  part  of 
the  carotene  is  also  secreted  unchanged.  Vitamin  A  itself  is 
colorless,  so  that  a  pale  milk  may  be  just  as  rich  a  source  of  the 
vitamin  as  one  more  deeply  colored.  The  vitamin  A  of  fish 
liver  oils  is  also  derived  ultimately  from  plant  life.  Small  in¬ 
vertebrates  of  the  sea,  known  as  copepods,  feed  upon  marine 
plants,  and  serve  in  turn  as  food  for  small  fish.  The  latter  con¬ 
vert  the  carotene,  originally  formed  by  the  plant,  into  the  vi¬ 
tamin.  Larger  fish  devour  the  smaller  fish  and  store  the 
vitamin  so  obtained  in  their  livers. 

Vitamin  A  deficiency.  When  the  diet  is  deficient  in  vitamin 
A  (and  in  the  provitamin),  the  epithelium  lining  the  respira¬ 
tory  and  alimentary  tracts,  as  well  as  the  ducts  of  certain  glands, 
becomes  abnormal.  It  undergoes  transformation  to  the  strati¬ 
fied  squamous  type.  Such  mucous  surfaces  are  especially 
susceptible  to  infection.  Inhibition  of  lachrymal  secretion,  fol¬ 
lowed  by  drying  of  the  cornea  {xerophthalmia')^  is  an  outstand¬ 
ing  effect  of  vitamin  A  deficiency.  In  some  instances  softening 
of  the  cornea  (keratomalacia) ^  which  may  progress  to  ulcera¬ 
tion  and  consequent  blindness,  results.  Vitamin  A  is  necessary 
for  the  regeneration  of  the  visual  purple  of  the  retina  which,  in 
health,  readily  takes  place  after  the  eyes  have  been  exposed  to 
light  (p.  633).  Night  blindness  (nyctalopia)  is,  therefore,  a 
common  accompaniment  of  vitamin  A  deficiency.  A  sufferer 
from  this  disorder  sees  well  in  bright  light,  but  is  quite  or  al¬ 
most  blind  in  dim  light.  Vitamin  A  deficiency  may  lead  also 
to  degeneratve  changes  in  the  long  fiber  tracts  of  the  spinal 
cord,  and  in  certain  of  the  peripheral  nerves. 

An  adequate  supply  of  vitamin  A  is  also  required  for  the  nor¬ 
mal  growth  of  bone.  In  experiments  upon  growing  animals, 
pronounced  localized  overgrowth  of  bone  results,  causing  de¬ 
formities.  These  abnormalities  were  particularly  noticeable  in 
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the  bones  of  the  skull  and  spinal  column.  Pressure  upon  nerves 
issuing  from  the  cranial  cavity  or  vertebral  column  by  the 
redundant  bone  are  largely  responsible  for  the  abnormalties  of 
the  nervous  structures  mentioned  above. 

The  diets  of  persons  on  this  continent  are  rarely  deficient  in 
vitamin  A  to  the  point  where  serious  abnormalities  supervene ; 

-  but  in  India,  China,  and  other 
I  I  Eastern  countries  the  diet  is 

frequently  deficient  in  this 
and  other  vitamins.  In  locali¬ 
ties  far  removed  from  larger 
centers  of  population,  owing 
to  difficulties  of  transporta¬ 
tion,  such  as  in  lumber  camps 
of  the  north  country,  espe¬ 
cially  in  winter,  night  blind¬ 
ness  and  other  signs  of  vita¬ 
min  A  deficiency  occasionally 
make  their  appearance.  In¬ 
fants  reared  upon  a  badly 
planned  artificial  diet  may 
also  suffer  from  deficiency  of 
vitamin  A  (Fig.  9-8). 

The  vitamin  B  complex.  The  first  of  this  large  group  of 
vitamins  to  be  discovered  was  thiamin,  or  vitamin  Bi,  the  anti- 
neuritic  vitamin.  Severe  deficiency  of  this  vitamin  is  the  cause 
of  a  disease  known  as  beriberi.  Beriberi  is  a  disease  of  rice¬ 
eating  countries.  Its  chief  features  are  paralysis  of  the  limbs 
(due  to  degenerative  changes  in  the  peripheral  nerves  —  poly¬ 
neuritis),  dilation  of  the  heart,  and  edema.  It  was  shown  by 
Eikjman,  a  physician  working  in  the  Dutch  ’West  Indies,  to  be 
due  to  a  dietary  deficiency.  He  demonstrated  that  the  essen¬ 
tial  factor  missing  from  the  diet  was  contained  in  the  coverings 
of  the  rice  kernel.  Persons  who  live  almost  exclusively  upon  a 
diet  of  polished  rice — that  is,  rice  from  which  the  pericarp 
(bran)  and  germ  Have  been  removed  in  the  milling  process  — 
develop  the  disease,  but  are  readily  cured  by  giving  them  un- 


Fig.  9-8  Xerophthalmia  in  a  child 
caused  by  Vitamin  A  deficiency. 
(After  Bloch.) 
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Fig.  9-9  Upper  figure  (after  Har¬ 
ris):  left,  distended  stomach  in  thia¬ 
mine  (B, )  deficieocv  due  to  loss  of 
tone  of  gastric  muscle;  right,  nor¬ 
mal  stomach.  Lower  figure:  curves 
showing  effect  of  graded  quantities 
of  vitamin  upon  growth  of  nine 
groups  of  rats;  P,  point  where  poly¬ 
neuritis  developed;  broken  lines  are 
drawn  from  the  points  where  some 
individuals  of  the  group  died.  Fig¬ 
ures  from  0.0  to  i.o  indicate  grams 
of  whole  wheat  (B^)  received  By 
the  respective  groups.  (After 
Chase.) 


m  30  ^  SO  m 

T/M£  m  DAYS 


polished  rice  or  an  extract  prepared  from  the  rice  ‘‘  polishings.” 
This  factor  in  the  polishings  of  rice  which  protected  against 
beriberi  was  designated  Pitamin  B  or  the  antineuritic  vitamin. 
From  researches  of  recent  years  it  has  been  shown  that  so-called 
vitamin  B  is  actually  a  complex  substance  consisting  of  several 
vitamins,  only  one  of  w^hich  is  protective  against  beriberi.  This 
latter,  the  antineuritic  principle,  has  been  synthesized  and  is 
now  known  as  vitamin  Bi  or  thiamin. 

Other  effects  of  vitamin  Bi  deficiency  are  (a)  gastrointestinal 
disorders  (e.g..  reduced  motility  of  the  stomach  and  intestines 
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resulting  in  constipation,  inhibition  of  the  digestive  secretions, 
and  loss  of  appetite),  and  (b)  arrested  growth  (see  Fig.  9-9). 

In  birds,  e.g.,  pigeons,  a  condition  analogous  to  human  beri¬ 
beri  results  from  vitamin  Bi  deficiency.  Its  chief  features  are. 


paralysis  due  to  involve¬ 
ment  of  the  peripheral 
nerves  (polyneuritis), 
retraction  of  the  head, 
and  convulsions.  The 
condition  is  cured  in  a 
remarkably  short  time 
by  feeding  a  concen¬ 


trated  preparation  of 
vitamin  Ei  (see  Fig. 
9-10). 

Thiamin  has  been 
synthesized.  It  exists  in 
the  tissues  as  an  inte¬ 
gral  part  of  an  enzyme 
system  essential  for  the 


Fig.  9-10  Upper  photograph,  pi¬ 
geon  suffering  from  polyneuritis; 
lower,  the  same  bird  an  hour  after 
treatment  with  vitamin  (After 
Funkj  redrawm.) 


metabolism  of  carbohy- 

drates.  In  its  absence, 
carbohydrate  metabo¬ 
lism  does  not  proceed 


normally.  Lactic  acid 

accummates  in  the  blood,  heart,  and  brain.  The  accumulation 
of  lactic  acid  in  the  brain  substance  appears  to  be  responsible 
for  the  head  retraction  seen  in  birds. 


There  arc  several  other  vitamins  of  the  B  complex  (see  table 
on  p.  435),  the  most  important  of  v^hich  in  respect  to  human 
nutrition  are  riboflavin  and  nicotine  acid  {niacin). 

^  Riboflavin  is  one  of  a  group  of  yellow  fluorescent  pigments 
found  in  animal  tissues.  Liver,  kidney,  and  milk  are  especially 
nch  sources  of  this  factor  of  the  B  complex.  When  it  is  lack- 
mg  from  the  diet  reddening  of  the-  eyes,  due  to  the  growth  of 
fine  blood  vessels  into  the  cornea,  results.  A  sensation  of  burn¬ 
ing  and  itching  of  the  eyeballs  is  experienced.  There  is  intoler- 
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ancc  to  bright  light  which  may  be  so  severe  that  the  eyes  cannot 
be  opened  (Fig.  9-1 1). 

Animals  with  riboflavin  deficiency  grow  slowly.  Chicks  on 
a  diet  in  which  it  is  lacking  develop  a  degenerative  disorder 
of  the  peripheral  nerves,  a  type  of  paralysis  resulting  known  as 
“  curled  toe.” 


Fig.  9- 1 1  VasciilarizaEioB  of  the  cornea  due  to  severe  riboiavm  de¬ 
ficiency.  Note  the  growth  of  vascular  loops  into  the  cornea,  which 
normally  is  bloodless,  from  the  vessels  at  the  periphery  {limbic  plexus). 

Nicotinic  acid  {niacin).  A  disease,  occurring  among  the 
poor  of  the  Southern  United  States  and  less  commonly  in  some 
European  countries  has  recently  been  recognized  as  being  due, 
mainly  at  least,  to  a  deficiency  of  this  vitamin.  The  chief  fea¬ 
tures  of  this  disease,  which  is  knowmas  pellagra,  are  reddening 
and  drying  of  the  skin  together  with,  in  the  severer  cases,  nerv¬ 
ous  and  gastrointestinal  disturbances.  It  occurs  in  those  w^ho 
subsist  mainly  upon  maize. 

Pyridoxin.  Rats  on  a  diet  deficient  in  pyridoxin  develop  a 
cutaneous  disorder  consisting  of  reddening  and  scaliness  of 
the  skin  and  loss  of  hair.  There  is  some  indication  that  this 
factor  is  concerned  with  the  synthesis  of  hemoglobin  and  for 
the  manufacture  of  erythrocytes.  The  regeneration  of  blood 
following  hemorrhage  is  hastened  by  feeding  pyridoxin. 

Pantothenic  acid  is  present  in  most  animal  and  vegetable  tis¬ 
sues.  It  stimulates  the  growth  of  yeast.  Its  role  in  human 
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nutrition  is  unknown.  But  when  lacking  from  the  diet  of 
chicks  it  causes  dermatitis  and  degenerative  changes  in  the  nerv¬ 
ous  system.  In  rats,  pantothenic  acid  deficiency  causes  graying 
of  the  fur  and  “  spectacle  eyes  ”  (an  appearance  due  to  an  in¬ 
flamed  hairless  ring  around  the  eyes),  as  well  as  damage  to  the 
kidneys,  heart,  and  adrenal  cortex. 

Biotin  is  present  chiefly  in  yeast,  liver,  kidney,  and  the  yolk 
of  egg,  and  in  smaller  amounts  in  other  foods.  Deficiency  of 
this  vitamin  does  not  occur  in  man  so  far  as  is  known,  but  it 
is  important,  nevertheless,  in  human  nutrition,  for  deficiency 
has  been  produced  experimentally  in  man  by  giving  a  diet  con¬ 
taining  a  high  proportion  of  raw  white  of  egg.  Unpleasant 
symptoms,  including  drowsiness,  greasiness  of  the  skin,  and 
some  cardiac  distress,  developed.  In  rats  fed  upon  a  diet  of  raw 
egg-white,  a  severe  dermatitis  accompanied  by  “  spectacle  eyes  ” 
appears.  A  protein  in  raw  egg-white  known  as  avidin  com¬ 
bines  with  biotin  in  the  intestinal  tract  and  renders  the  latter 
unavailable  in  nutrition ;  the  avidin-biotin  compound  cannot  be 
utilized. 

Choline,  a  constituent  of  the  lipid  known  as  lecithin,  cause-s 
fatty  livers  in  animals  when  lackmg  from  the  diet.  Deficiency 
of  choline  apparently  does  not  occur  in  man.  Nor  has  inositol 
deficiency  been  observed  in  man.  This  vitamin  is  found  chiefly 
in  cereals  as  a  complex  compound  with  calcium,  phosphorus, 
and  magnesium.  It  is  also  present  in  animal  tissues  such  as 
liver  and  ordinary  meats.  Mice  fed  upon  a  diet  deficient  in 
inositol  show  patches  of  baldness,  but  it  does  not  appear  to  be 
related  to  loss  of  hair  in  man.  Para-amino  benzoic  acid  defi¬ 
ciency  has  not  been  observed  in  man  and,  though  deficiency 
in  rats  causes  graying  of  the  hair,  there  is  no  evidence  that  this 
vitamin  is  related  in  any  way  to  the  loss  of  color  of  human  hair. 
Para-aminobenzoic  acid’s  chief  interest  lies  in  the  fact  that  it  is 
necessary  for  the  growth  of  certain  disease-producmg  bacteria 
(see  footnote,  p.  241 ). 

The  role  played  by  folic  acid  in  blood  formation  is  described 
on  page  77,  and  of  vitamin  8,  2  on  page  76. 

A  number  of  vitamins  of  the  B  complex  are  essential  for  the 
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growth  of  several  types  of  microorganism,  and  are  dietary  re¬ 
quirements  for  chicks,  rats,  mice,  and  other  laboratory  animals, 
but  only  thiamin,  riboflavin,  and  niacin  have  been  shown  to  be 
indispensibie  constituents  of  human  diets.  This  does  not  neces¬ 
sarily  mean  that  those  which  are  not  required  in  the  diet  are  not 
utilized  by  the  human  body.  Several  are  synthesized  by  intesti¬ 
nal  bacteria,  and  such  synthesis  probably  occurs  in  the  human 
intestine.  Most  of  the  factors  of  the  vitamin  B'  complex  have 
been  shown  to  exist  as  integral  parts  of  tissue  enzyme  systems 
with  which  their  functions  are  intimately  associated. 

Vitamin  C,  the  antiscorbutic  vitamin.  Vitamin  C  is  present 
in  greatest  amounts  in  citrus  fruits  (e.g.,  lemons,  limes,  oranges, 
and  grapefruit).  It  is  also  contained  in  most  other  fruits  and 
green  vegetables.  Tomatoes  and  red  and  green  peppers  are 
exceptionally  rich  sources;  potatoes,  turnips,  meat,  and  milk 
contain  moderate  amounts.  Vitamin  C  has  been  identified 
chemically  as  ascorbic  acid  (Ci:H,sOr.).  It  possesses  high  re¬ 
ducing  powers,  and  has  been  synthesized  in  the  laboratory. 

Vitamin  C  serves  the  important  function  of  maintaining  a 
healthy  state  of  the  wails  of  the  capillaries.  When  it  is  lacking 
from  the  diet,  the  cement  substance  interposed  between  the 
endothelial  cells,  and  holding  them  together,  becomes  deficient. 
The  vessels  as  a  consequence  develop  leaks  which  permit  the 
escape  of  blood  into  the  surrounding  tissues. 

Vitamin  C  is  in  relatively  high  concentration  in  the  cortex  of 
the  adrenal  gland  (see  p.  469). 

Scurvy  {scorbutus)  is  caused  by  vitamin  C  deficiency.  The 
chief  manifestation  of  this  disease  is  bleeding  from  the  mucous 
membranes,  beneath  the  skin  and  into  joints.  The  skin,  as  a 
result  of  numerous  capillary  hemorrhages  {petcchiae)^  may 
show  extensive  mottling.  The  gums  are  swollen  and  inflamed, 
and  bleed  easily.  The  subjects  become  anemic,  weak,  and 
emaciated.  Unless  fresh  food  containing  the  vitamin  is  sup¬ 
plied,  death  results.  Scurvy,  though  unusual  in  the  general 
population  except  in  times  of  famine,  was  a  common  disease  in 
sailors,  soldiers,  explorers,  and  others  who,  of  necessity,  sub¬ 
sisted  upon  diets  lacking  in  fresh  fruits,  vegetables,  meat,  and 


430  METABOLISM  AND  NUTRITION 

milk.  Scurvy  is  readily  produced  in  guinea-pigs  by  placing 
them  upon  a  diet  of  hay  and  oats,  i.e.,  one  lacking  in  green 
stuffs.  The  disease  is  sometimes  seen  in  persons  living  on  the 
outskirts  of  civilization,  such  as  lumbermen,  especially  during 
the  winter  months  when  fresh  food  is  difficult  to  procure,  and 
provision  for  a  supply  of  vitamin  C  in  concentrated  form  has 
not  been  made.  The  disease  may  also  appear  in  infants  who 
are  artificially  fed;  infantile  scurvy  {Barlow’s  disease)  should, 
however,  never  occur,  since  the  administration  of  tomato  or 
orange  juice  is  a  certain  preventive. 
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Fig.  9-12  Scheme  of  wave  lengths  of  spectrum,  showing  the  range  of 
those  possessing  antirachitic  power.  Figures  in  millimicrons  (m/x). 
(Redrawn  and  modified  from  Blunt  and  Cowan.) 


Vitamiii  D  (C2.SH44O),  the  antirachitic  vitamin.  This  vita¬ 
min  is  formed  by  the  action  of  ultraviolet  light  upon  certain 
waxy  compounds  known  as  sterols.  Among  such  compounds 
are  ergosterol^  found  in  yeast,  and  cholesterol,  present  in  the 
skin  and  other  animal  tissues.  The  ultraviolet  rays  cause  a  re- 
arrangement  of  the  atoms  in  the  sterol  molecule,  thereby  en¬ 
dowing  it  with  the  properties  characteristic  of  vitamin  D.  Vita¬ 
min  D  is  formed  naturally  by  the  action  of  sunlight  upon  a 
sterol  in  the  skin  closely  associated  with  cholesterol,  and  is  pre¬ 
pared  commercially  by  irradiating  yeast  (rich  in  ergosterol)  by 
means  of  the  mercury  vapor  lamp  or  the  carbon  arc.  Such  arti¬ 
ficial  preparations  of  vitamin  D  are  referred  to  as  mosterol,  or 
simply  as  irradiated  or  activated  ergosterol  The  wave  lengths 
in  the  ultraviolet  part  of  the  spectrum  which  are  effective  in  the 
formation  of  this  vitamin  have  a  range  of  from  250  to  313  m/z® 

s=  millimio'oii,  the  one-miliionth  part  of  a  nriillimeter. 
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(see  Fig.  9-12).  Vitamin  D  has  been  synthesized  in  the  labora¬ 
tory.  It  is  a  yellow  crystalline  substance  which  has  been  named 
edeiferoL  The  richest  natural  sources  of  the  vitamin  are  fish 
liver  oils,  especially  those  from  the  cod  and  halibut*  These 
large  fish  obtain  the  vitamin  from  smaller  species  upon  which 
they  feed,  e.g.,  herring,  waiting,  etc.  The  small  fish  in  turn 
acquire  the  vitamin  from  invertebrate  marine  forms,  such  as 
copepods  and  molluscs,  w^hich  probably  synthesize  it.  Some 
authorities  believe  that  the  cod  and  certain  other  fish  are  also 
capable  of  synthesizing  vitamin  D. 

The  following  is  a  list  of  the  chief  sources  of  vitamin  D. 

Fish  liver  oils  (e.g.,  halibut  and  cod) 

Irradiated  ergostero!  (of  yeast) 

Irradiated  milk 
Irradiation  of  the  skin 

The  main  action  of  vitamm  D  is  upon  the  metabolism  of  calcium 
and  phosphorus;  it  is  essential  for  the  mineralization  of  growl¬ 
ing  bone,  and  for  maintaining  the  normal  mineral  composition 
of  the  adult  skeleton.  It  also  plays  an  important  role  in  dental 
health;  defective  tooth  structure,  leading  to  decay  of  the  teeth 
{dentd  caries)^  results  when  the  diet  is  deficient  in  the  anti¬ 
rachitic  vitamin.  When  the  vitamin  in  the  form  of  viosterol  is 
administered  in  excessively  large  doses,  a  marked  rise  in  the 
calcium  of  the  serum  (hypercalcemia)  results,  calcium  being 
drawn  from  the  skeleton  to  the  blood.  The  calcium  of  the 
urine  is  increased.  Vitamin  D  acts,  in  this  respect,  like  the 
hormone  of  die  parathyroid  glands.  Toxic  symptoms  resem¬ 
bling  those  caused  by  overdosage  with  parathyroid  extract  also 
follow  the  administration  of  large  amounts  of  viosterol.  The 
manner  in  which  the  vitamin,  in  physiological  dosage,  exerts 
its  effect  upon  calcium  metabolism  is  not  altogether  clear.  Ac¬ 
cording  to  some  it  increases  the-  absorption  of  calcium  from  the 
intestinal  tract;  its  chief  action,  however,  appears  to  be  upon 
the  skeleton,  influencing,  in  some  manner  not  understood,  the 
deposition  of  calcium  and  phosphorus  in  the  developing  bone. 

Rickets  (rachitis)  results  from  vitamin  D  deficiency.  It  is  a 
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disease  of  young  children,  chiefly,  between  the  ages  of  6  months 
and  3  years.  Its  essential  feature  is  defective  development  of 
the  bones.  The  deposition  of  phosphorus  and  calcium  is  inter¬ 
fered  wdth;  the  bones  are  therefore  soft  and  yielding.  Deformi¬ 
ties  of  the  limb  bones  and  spine  and  defective  ossification  of 
the  skull  bones  result.  The  head  is  somewhat  larger  than 
normal  with  a  prominent  brow;  soft  areas  may  be  felt  in  the 

skull.  The  abdomen  is  large 
and  round,  which  has  given 
rise  to  the  term  “pot  belly” 
(see  Fig.  9-13).  The  disease 
occurs  most  often  in  bottle-fed 
infants,  especially  in  those  who 
are  growing  rapidly  and  re¬ 
ceiving  a  diet  containing  a 
large  proportion  of  carbohy¬ 
drate.  Rickets  is  readily  cured 
or  prevented  by  the  adminis¬ 
tration  of  vitamin  D,  either  in 
the  form  of  cod  liver  or  hali¬ 
but  liver  oil,  viosterol  or  ir¬ 
radiated  milk,  or  by  exposing 
the  child  to  ultraviolet  radia¬ 
tions  (sunlight,  the  mercury 
vapor  lamp,  or  carbon  arc). 
The  value  of  sunshine  in  the 
treatment  of  rickets  was 
pointed  out  over  70  years  ago 
(1880)  by  Palm,  an  English 
,  physician,  but  it  is  little  more 

than  30  years  smce  the  curative  effects  of  ultraviolet  irradia- 
tion  ^d  of  cod  liver  oil  have  come  to  be"  generally  recognized. 

Rickets  is  seen  most  commonly  in  the  large  cities  of  northern 
latitudes,  since  infants  in  these  localities  are  less  exposed  to  sun- 
shme  than  are  those  in  southern  climates.  The  disease  is  al¬ 
most  unknown  in  the  tropics.  The  smoke  and  dust  of  cities  also 
act  as  a  screen  through  which  the  shorter  wave  lengths  of  the 
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Fig.  9-13  Diagram  showing  the 
chief  features  of  infantile  rickets. 
(After  Harris.) 
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sun’s  rays  cannot  penetrate.  It  should  be  remembered^  further¬ 
more,  that  window  glass  is  opaque  to  radiations  shorter  than 
320  m/i.  Sunshine  that  has  passed  through  ordinary  glass  there¬ 
fore  possesses  no  antirachitic  action.  On  the  other  hand,  a  per¬ 
son  in  order  to  gain  benefit  from  ultraviolet  radiation  need  not 
be  in  direct  sunshine.  The  sun’s  rays  reflected  from  the  sky 
(skyshine),  or  from  water,  snow^,  or  light-colored  objects  are 
effective. 

Osteomalacia  (soft  bones)  is  a  disease  —  essentially  the  same 
as  rickets  —  which  occurs  in  adults  in  eastern  countries,  espe¬ 
cially  India  and  China,  Women  are  mainly  affected  with  the 
disease  since  -they,  as  w^ell  as  receiving  in  common  with  the 
general  population  little  vitamin  D  in  their  diet,  are  often  con¬ 
fined  within  doors  and  thus  deprived  of  the  benefit  of  sun¬ 
shine. 

Vitamin  (or  vitamins)  E,  the  antisteriiity  vitamin.  Vitamin 
E  is  necessary  for  normal  reproduction.  Female  rats  upon  diets 
lacking  in  vitamin  E  become  pregnant,  but  the  embryos,  after 
developing  for  a  short  time,  die.  In  male  rats  vitamin  E  defi¬ 
ciency  results  in  degenerative  changes  in  the  testes;  spermatozoa 
are  not  produced  and  the  sex  instinct  is  lost.  The  addition  of 
lettuce  or  other  food  containing  vitamin  E  corrects  the  defects 
of  either  the  male  or  female  reproductive  functions. 

Vitamin  E  is  fat-soluble  and  has  been  obtained  in  crystalline 
form.  Its  chief  sources  are  green  vegetable  foods,  e.g.,  lettuce, 
peas,  alfalfa  and  the  germ  of  various  cereals.  Wheat  germ  oil 
has  a  very  high  vitamin  E  content. 

Besides  the  vitamin  E  first  discovered,  two  other  compounds, 
closely  related  to  it  chemically,  have  been  shown  to  have  similar 
physiological  actions.  We  may  now  speak  of  vitamin j  E.  All 
three  belong  to  a  class  of  compounds  knowm  as  the  tocophcrols. 
The  three  vitamins  E  are,  therefore,  frequently  referred  to  by 
their  chemical  designations.  Prefixing  the  Greek  letters  to 
distinguish  them,  they  are  knowm  as  alpha,  beta  and  gamma 
tocopherol,  respectively. 

Vitamin  E  exerts  an  influence  upon  the  metabolism  of  mus¬ 
cular  tissue  (nutritional  disorders  of  muscle  resulting  in  ani- 
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TABLE  23 

Summarizing  the  principal  facts  concerning 
certain  vitamins 


Name 


Chief  functions 


Effects  caused  by 
deficiency 


Chief  sources 


Vitamin  A 
antixerophthalmic 


Thiamin 
(Bi  aneurin) 
anTineuritic 


Riboflavin 
(B2,  vitamin  G) 


Nicotinic  acid 
(Niacin) 

Pyridoxin 

(Be) 


Pantothenic  acid 


Biotin 


Para-aminobenzoic 

acid 


Vitamin  C 
antiscorbutic 

Vitamin  D 
antirachitic 


Vitamin  E 
antisterility 


Vitamin  K 
antihemorrhagic 


Maintains_  the  integrity 
of  epithelial  tissues. 
Essential  for  the  regen¬ 
eration  of  visual  purple. 


Essential  in  the  metabo¬ 
lism  of  carbohydrate 
serving  as  a  coenzyme 
in_  the  tissues.  Main¬ 
tains  the  tone  of  the 
gastrointestinal  tract. 
Promotes  appetite. 
Essential  component  of 
certain  tissue  enzymes. 


Coenzyme  in  tissue  res¬ 
piration. 

Coenzyme  in  the  me¬ 
tabolism  of  tyrosine, 
tryptophane  and  cer¬ 
tain  ocher  amino-acids. 


Stimulates  the  growth  of 
yeast. 


Tissue  enzyme  concerned 
in  carbohydrate  metab¬ 
olism. 


Essentia!  for  some  en¬ 
zyme  system  in  bacterial 
cell  (sec  footnote,  p, 

241). 

Maintains  the  integrity 
of  the  capillary  walls. 

Regulates  calcium  and 
phosphorus  metabo¬ 
lism. 

Essential  for  the  normal 
development  of  bones 
and  teeth. 

Essential  for  reproduc¬ 
tion 


Necessary  for  the  pro¬ 
duction  of  prothrom¬ 
bin  by  the  liver. 


Xerophthalmia. 
Keratomalacia. 
Conversion  of  colum¬ 
nar  epithelium  to 
squamous  type. 

Night  blindness. 
Beriberi. 

Polyneuritis  in  animals, 
(especially  birds). 

Loss  of  tone  of  gas¬ 
trointestinal  tract. 
Loss  of  appetite. 

Vascularization  of  cor¬ 
nea  with  opacities. 
Fissures  around  lips. 
Retarded  growth. 

Loss  of  hair  (in  rats). 
Pellagra. 

Retarded  growth  (in 
rats). 

Anemia  in  pigs,  dogs 
and  rabbits. 

The  effects  of  its  lack 
in  human  nutrition 
unknown. 

“Spectacle  eyes”  and 
graying  of  fur  in  rats; 
anemia  in  dogs;  de¬ 
ficiency  in  man  not 
observed. 

“Spectacle  eyes”  and 
nervous  (spastic) 
symptoms  in  rats. 
Deficiency  (except  ex¬ 
perimental)  not  ob¬ 
served  in  man.' 
Deficiency  produced 
by  feeding  raw  egg- 
white. 

Graying  of  fur  in  black 
rats. 

Deficiency  not  ob¬ 
served  in  man. 

Scurvy. 


Rickets. 
Osteomalacia. 
Dental  caries. 


Death  of  young  in 
uterus. 

Sterility  of  male,  de¬ 
generative  changes 
in  testes,  failure  of 
spermatogenesis. 

Hemorrhagic  tend¬ 
ency. 


Carrots. 

Lettuce. 

Alfalfa. 

Yellow  corn. 

Butter,  cream,  and  milk. 
Egg  yolk. 

Yeast,  germ  of  wheat, 
and  other  cereals. 


Liver. 

Kidney. 

Milk. 


Liver,  meats. 
Brewer’s  yeast. 
Wheat  germ. 

Milk. 

Wheat  germ. 

Yeast. 

Meats,  and  kidney 
and  vegetable  fats. 


Widely  distributed  in  ani¬ 
mal  and  vegetable  tis¬ 
sues 


Yeast,  kidney,  liver,  and 
«gg-yolk. 


Various  animal  tissues; 
cultures  of  certain  bac¬ 
teria,  e.g.,  Staphylococci. 

Citrus  fruits. 

Tomatoes. 

Turnips. 

Cod  liver  and  halibut 
liver  oils. 

Exposure  of  the  skin  to 
ultraviolet  irradiation. 


Lettuce, 
Watercress. 
Wheat  germ. 


Alfalfa  and  other  green 
foods. 
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mals  when  it  is  lacking  from  the  diet)  and  upon  the  biochemi¬ 
cal  processes  in  the  nuclei  of  ceils  generally;  its  action  is 
exhibited  especially  upon  rapidly  growing  structures.  It  has  been 
employed^  but  on  the  whole  wdth  disappointing  results,  in  the 
treatment  of  certain  w^asting  diseases  of  the  muscles,  and,  in 
consideration  of  its  influence  upon  the  reproductive  functions, 
it  has  been  given  to  pregnant  w^omen  who  have  had  repeated 
miscarriages  or  abortions  {habitual  abortion)  with  the  hope 
that  they  will  be  able  to  give  birth  to  a  living  child. 

Vitamin  K  (the  aiitih.emo.rrhagic  vitamin).  This  vitamin- 
is  found  in  largest  amounts  in  alfalfa,  spinach,  cauiifldw^er,  cab¬ 
bage,  and  other  green  foods  and  less  abundantly  in  cereals,  car¬ 
rots,  and  yeast.  Chicks  and  other  farm  birds  develop  a  fatal 
hemorrhagic  disease  when  this  vitamin  is  lacking  from  the 
diet.  The  hemorrhages  are  due  to  a  low^'  concentration  of 
prothrombin  in  the  blood.  This,  as  mentioned  on  page  109, 
is  an  essential  factor  in  the  coagulation  of  the  blood.  Hemor¬ 
rhages  in  the  human  subject  are  rarely  if  ever  due  to  the  lack  of 
vitamin  K  in  the  diet  because  vitamin  K  is  synthesized  by  bac¬ 
teria  in  the  intestine  of  man.  For  some  reason  it  has  not  been 
found  possible  to  induce  a  hemorrhagic  tendency  in  other  mam¬ 
mals  by  feeding  them  a  diet  lacking  in  this  vitamin.  But  vita¬ 
min  K  is  not  absorbed  from  the  intestine  in  the  absence  of  bile. 
Therefore,  in  obstructive  jaundice  in  which  bile  does  not  enter 
the  intestine,  a  tendency  16  bleed  is  a  common  feature.  It  is 
now  the  custom  to  give  vitamin  K  by  injection  or  by  mouth 
accompanied  by  bile  or  bile  salts  before  operating  upon  a  pa¬ 
tient  with  obstructive  jaundice.  The  prothrombin  concentra¬ 
tion  of  the  blood  is  raised  thereby  and  the  defect  in  the  clotting 
mechanism  corrected. 

A  grave  hemorrhagic  disease  occurs  in  new-born  infants  due 
to  an  insufficient  amount  of  vitamin  K  received  by  the  fetus 
from  the  mother.  The  prothrombin  concentration  of  the  in¬ 
fant’s  blood  when  this  occurs  is  less  than  50  per  cent  of  the 
normal.  Death  may  occur  within  the  first  few  hours  after 
birth.  If  the  child  survives  longer  than  this,  the  condition  usu¬ 
ally  corrects  itself,  as  bacteria  in  the  food  synthesize  the  vita- 
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min  in  the  intestine.  The  disease  can  now  be  treated  at  the  first 
sign  of  its  appearance  by  the  administration  of  vitamin  K. 


The  Principles  of  Dietetics 

The  importance  of  a  well-balanced  diet  for  the  normal  growth 
and  development  of  the  young,  and  for  the  health  of  both 
young  and  old,  is  recognized  today  as  never  before.  There 
seems  little  doubt  that  the  finer  physique  and  better  health  of 
the  present  generation  is  largely  the  result  of  the  more  varied 
and  ample  character  of  modern  diets  (sec  Fig.  9-14).  Defi¬ 
ciency  diseases  which  have  been  so  prevalent  in  the  past,  espe¬ 
cially  among  the  poor,  are  now  comparatively  rare.  Rickets 
and  scurvy,  for  example,  have  almost  vanished  from  civilized 
communities  and,  were  the  knowledge  which  has  been  gained 
from  modern  research  sedulously  applied,  the  eradication  of 
these  and  other  diseases  due  to  defective  diets  — such  as  beri¬ 
beri  and  pellagra  — would  soon  be  an  accomplished  fact.  In 
planning  a  diet  the  following  factors  must  be  taken  into  ac¬ 
count: 

1.  The  caloric  (energy)  requirement  of  the  subject. 

2.  The  proportions  of  the  three  main  types  of  food  •— carhohy- 

drate,  protein  and  fat. 

3.  Essential  fatty  acids. 

4.  The  vitamin  requirement. 

5.  The  mineral  constituents. 

Determination  of  the  caloric  requirement.  A  man  of  average 
size  and  following  a  light  occupation  has  an  average  energy 
output  of  from  2500  to  3000  Calories  daily.  In  order  that  the 
body  s  tissues  shall  not  be  called  upon  to  furnish  any  of  the  re¬ 
quired  energy,  the  caloric  value  of  the  diet  must  not  be  less 
than  the  energy  expenditure;  otherwise  the  body  would  lose 
weight.  Nor  should  the  caloric  value  of  the  diet  be  greater 
than  the  energy  expended.  The  excess  energy  would  then  be 
simply  stored  as  fat  (see  p.  410).  Excess  of  energy  intake  over 
energy  output  is  the  usual  cause  of  obesity.  In  order,  therefore, 
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to  calculate  the  caloric  requirement  in  any  given  case,  one  must 
first  know  the  energy  expenditure  during  the  resting  state,  that 
is,  the  basal  metabolism  (p.  389).  To  this  is  added  the  energy 
expenditure  of  the  particular  occupation  in  which  the  person  is 
engaged. 

The  energy  expended  daily  by  different  persons,  or  by  the 
same  person  at  different  times,  varies  widely,  depending  upon 
the  extent  of  the  exercise  undertaken.  The  energy  allovvances 
for  work  of  several  grades  are  given  in  the  following  table. 


Daily  energy  expenditure 
{above  basal) 

Calories 

Sedentary  life  . . .  500-  700 

Light  work,  e.g.,  professional  and  business- 

.  700-1200 

Moderate  work,  e.g.,  mechanics  .  1200-1500 

Heavy  work,  e.g.,  laborers,  lumbermen,  ath¬ 
letes,  etc . 1500-4000 

and  upward 


The  metabolism  during  sleep  is  lower  than  the  basal  metab¬ 
olism  by  from  15  to  20  per  cent.  The  lower  metabolism  of  the 
eight  hours  of  sleep  must,  therefore,  be  taken  into  account  in 
determming  the  caloric  requirements.  The  calculations  just 
outlmed  are  exemplified  in  the  following  table  in  which  the 
figures  are  for  a  man  following  a  light  occupation. 

Basal  metabolism  (16  hours)  .  1200  Calories  “ 

Metabolism  during  sleep  (8  hours)  .  500  “ 

Allowance  for  light  wprk .  800  “ 

. .  2500  Calories 

The  basal  metabolism  of  a  normal  subject  can  be  derived 
from  his  height  and  weight  (see  chart.  Fig.  9-3,  p.  391).  The 
energy  values  of  the  various  articles  of  diet  are  obtained  from 
^andard  tables,  and  the  quantities  apportioned  accordingly, 
or  example,  beef  (with  fat)  has  an  energy  value  of  about 

metL;***' ®  1-8  square 
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1300  Calories  per  pound;  butter  (almost  pure  fat)  yields  3600 
Calories  per  pound,  milk  325,  eggs  765,  cheese  (largely  protein) 
2200,  sugar  i860,  and  white  bread  1200.  Children,  "owing  to 
their  greater  activity  and  the  requirements  of  growth,  should 
receive  a  more  ample  diet  in  proportion  to  their  size  than  that 
o  the  average  adult.  A  boy  of  16  years,  for  example,  especially 
if  he  IS  growing  rapidly  and  taking  part  in  athletics,  requires  as 
much  food  as  a  full-grown  man  engaged  in  light  work. 

The  proportions  of  carbohydrate,  fat,  and  protein.  A  little 
over  50  per  cent  of  the  total  caloric  requirement  should  be  fur¬ 
nished  by  carbohydrate  food,  about  35  per  cent  by  fat  and  12 
per  cent  by  protein.  The  protein  in  the  diet  of  "the  averaae 
adult  should  be  from  70  to  90  grams  daily,  or  around  i  gram 
per  kilogram  of  body  weight.  Children,  especially  in  the  early 
years  of  life,  require  a  higher  protein  intake  (2  to  3.5  grams  per 
kilogram)  than  do  adults,  and  a  larger  proportion  (60  to  90  per 
cent)  of  the  total  protein  should  be  of  the  highest  biological 
value,  such  as  is  furnished  by  milk,  eggs,  and  meat.  In  adults 
receivmg  80  to  90  grams  of  protein  daily,  at  least  50  per  cent 
should  be  first  class,  as  in  meat  and  eggs.  If  the  protein  is 
mainly  of  low  biological  value,  e.g.,  vegetable  proteins,  the 
total  allowance  must  be  larger. 

Fat  is  an  indispensable  element  of  the  diet.  Fats  not  only 
contain  fat-soluble  vitamins,  bur  also  certain  unsaturated  fatty 
acids  (linoleic  and  linolenic  acids)  which  cannot  be  synthesized 
in  the  body,  yet  are  essential  for  normal  nutrition. 

The  mineral  requirements.  Sodium,  potassium,  magnesium, 
and  phosphorus  are  present  in  adequate  amounts  in  a  diet  which 
IS  ample  in  other  respects  and,  as  a  rule,  no  special  attention 
need  be  paid  to  them.  Sodium  chloride,  for  example,  besides 
that  which  is  present  naturally  in  many  foodstuffs  is  added  in 
cookmg,  and  as  table  salt  in  quantities  determined  by  individual 
taste.  Protein  foods  constitute  the  chief  source  of  the  phos¬ 
phorus  of  the  diet  and,  when  the  allowance  of  protein  is  ade¬ 
quate,  the  phosphorus  intake  takes  care  of  itself.  Potassium 
and  magnesium  are  derived  from  cereals  and  vegetables,  and 
are  also  present  in  sufi5cient  amounts  in  an  ordinary  diet.' 
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The  minerals  in  which  the  diet  is  most  likely  to  be  deficient 
are  calcmm,  iron,  and  iodine.  The  intake  of  calcium,  which 
enters  so  largely  into  the  composition  of  bone,  is  especially  likely 
to  be  inadequate  in  the  diets  of  children.  According  to  Profes¬ 
sor  Sherman,  children  require  at  least  a  gram  of  calcium  per 
day.  The  adult  requirement  is  about  0.8  gram  daily.  As  a 
result  of  the  deposition  of  mineral  in  the  bones  of  the  iotusy 
the  demand  for  calcium  increases  during  pregnancy  when  the 
allowance  should  be  from  1.5  to  2  grams  daily.  The  mother 
should  also  receive  a  high  allowance  of  calcium  after  child¬ 
birth  if  she  nurses  her  baby  at  the  breast,  for  the  secretion  of 
milk  is  a  severe  drain  upon  the  body’s  calcium  stores.  By  the 
same  token,  milk  is  especially  rich  in  calcium,  containing  about 
a  gram  per  quart.  Cereals  and  certain  vegetables,  such  as  beans, 
peas,  and  turnips,  are  also  good  sources  of  this  mineral,  but  the 
calcium  of  milk,  as  compared  with  that  of  vegetables,  is  more 
readily  absorbed.  Only  a  small  part  of  the  calcium  in  cereals 
and  vegetables  is  utilized  by  the  body.  Meat  contains  minimal 
amounts.  Milk  is  therefore,  especially  for  children,  the  best 
source  of  calcium. 

Iron  is  an  indispensable  constituent  of  the  diet,  since  it  is 
necessary  for  the  synthesis  of  hemoglobin.  The  daily  require¬ 
ment  is  from  15  to  20  mgm.  The  chief  sources  of  food  iron  are 
meats  (especially  liver),  eggs,  and  such  vegetables  and  cereals 
as  spinach,  beans,  and  peas,  whole  wheat  and  oatmeal.  Milk 
is  very  poor  in  iron. 

Iodine  is  an  essential  constituent  of  the  thyroid  hormone; 
goiter  (p.  446)  results  when  the  diet  is  deficient  in  this  element. 
Sea-foods  are  the  chief  natural  sources  of  iodine,  though  many 
brands  of  table  salt  {iodized  salt)  contain  small  quantities 
(i  part  in  100,000)  which  have  been  added  by  the  manufacturer. 
The  daily  requirement  of  iodine  is  placed  at  about  100  micro- 
grams.’^ 

There  are  a  number  of  other  mineral  elements  which  are 
required  to  be  taken  in  minute  quantities  for  special  purposes, 
e.g.,  the  elaboration  of  certain  hormones  and  enzymes  or  for 

^  A  microgram  or  gamma  (7)  =  milligram. 
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Chapter  10 

THE  ENDOCRINE  GLANDS 


Glands,  such  as  those  of  the  mouth,  stomach,  and  intestines, 
which  deliver  their  secretions  into  the  alimentary  tract,  or  those, 
such  as  the  lachrymal,  mammary,  and  sweat  glands,  which  dis¬ 
charge  upon  the  surface  of  the  body,  are  called  glands  of  exter¬ 
nal  secretion  or  exocrine  glands.  The  glands  which  we  are 
about  to  consider  do  not  possess  ducts  or  any  openings  to  the 
exterior;  their  secretions  pass  into  the  blood  stream,  and  are 
thus  conveyed  to  the  various  tissues  of  the  body  upon  which 
they  exert  their  action.  These  glands  are,  therefore,  called 
endocrine  glands  or  organs,  ductless  glands,  or  glands  of  inter¬ 
nal  secretion. 

The  secretions  of  the  endocrine  glands  are  for  the  most  part 
excitatory  in  their  actions;  they  stimulate  the  growth  and  de¬ 
velopment,  or  the  functional  activity  of  certain  tissues,  internal 
secretions  acting  in  this  manner  are,  therefore,  called  hormones 
(G.  kormad,  I  excite).  The  term  hormone  is  not,  however, 
restricted  to  the  secretions  of  the  ductless  glands.  Any  sub¬ 
stance  formed  by  a  tissue  of  the  body  and  carried  in  the  blood 
stream  to  act  as  an  excitant  to  some  other  tissue  or  organ  may  be 
called  a  hormone.  Thus,  secretin  (p.  356),  pancreozymin 
(p.  356),  and  even  carbon  dioxide,  since  it  is  carried  by  the 
blood  and  acts  upon  the  respiratory  and  vasomotor  centers, 
come  into  this  category.  Chalone  is  an  allied  term,  sometimes 
used  to  designate  an  internal  secretion  having  an  inhibitory 

action,  such  as  enterogastrone  (p.  346). 

Methods  of  investigation.  Our  knowledge  of  the  endocrines 
has  been  advanced  enormously  in  the  past  thirty  years,  and 
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The  Thyroid  Gland 

The  thyroid  gland  is  composed  of  two  lobes  which  lie  one  on 
either  side  of  the  larynx  (see  Figs.  lo-i  and  10-2).  Under  the 
microscope  the  glandular  tissue  is  seen  to  be  composed  of  a 
niass  of  alveoli  (also  called  acini  or  follicles)  lined  by  a  single 


Fig.  lo-i  Showing  the  relation  o£  the  thyroid  gland  to  the  larynx  and 
trachea,  i,  thyroid  gland;  2,  thyroid  cartilage;  3,  trachea. 

Fig.  10-2  Microscopic  section  of  normal  thyroid  tissue,  showing  col- 

loid  with  the  follicles  of  the  gland. 

layer  of  cuboidal  epithelial  cells.  The  alveolar  cavities  are 
filled  with  a  homogeneous  viscous  material  called  colloid;  this 
is  secreted  by  the  lining  cells-  and  contains  the  thyroid  hormone. 

The  thyroid  is  supplied  with  nerves,  but  whether  these  have 
any  secretory  function  is  questionable.  It  is  certain,  at  any  rate, 
that  a  hormone  liberated  by  the  pituitary  gland  (thyrotrophic 
hormone,  p.  475)  is  of  much  greater  importance  than  are  nerve 
fibers  in  the  control  of  thyroid  activity. 

Excision  of  the  thyroid  (thyroidectomy)  in  young  mam¬ 
mals,  e.g.,  pigs,  goats,  calves,  rabbits,  etc,,  results  in  retardation 
of  skeletal  growth,  and  failure  of  sexual  development  (Fig. 
ic>3).  Tissue  oxidations  are  depressed,  the  basal  metabolic  rate 
falling  after  the  operation  to  60  or  even  50  per  cent  of  the  nor- 
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mal.  The  skin  becomes  thick  and  leathery  in  texture,  the  hair 
sparse,  dry,  lusterless,  and  brittle.  The  long  bones  continue  to 
grow  in  thickness,  but  longitudinal  grow'th  is  very  sIowl  The 
administration  of  thyroid  extract  after  thyroidectomy  prevents 
the  onset  of  these  effects  or,  if  they  have  appeared,  abolishes 
them  or  at  least  arrests  their  progress. 


The  effects  following  thyroidectomy  in  lower  orders  are  even 
more  striking.  Thyroidectomized  tadpoles,  for  e.xample,  do 
not  develop  into  frogs.  Metamorphosis  is  at  once  resumed, 
how’ever,  upon  the  addition  of  thyroid  extract  to  the  water  in 
which  the  thyToidless  animals  live  (Fig.  10-4).  Furthermore, 
the  administration  of  thyroid  extract  to  normal  tadpoles  causes 
them  to  metamorphose  in  about  a  third  of  the  usual  time.  The 
effect  of  thyroid  extract  upon  the  a.xolotl  —  an  aquatic  form 
allied  to  the  frog  — is  still  more  extraordinary.  In  the  adult 
form  this  animal  is  purely  aquatic  in  its  habits,  possessing  gills, 
a  finned  tail,  and  four  short  limbs,  suggesting  some  fabulous 
gigantic  tadpole  whose  metamorphosis,  after  proceeding  so  far, 
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has  become  arrested  (Fig.  10-5).  Thyroid  feeding  causes  this 
creature  to  lose  its  gills  and  fin,  to  develop  air-breathing  organs, 
and  forsake  the  aquatic  life  of  its  kind. 

Goiter  is  a  term  applied  to  chronic  enlargement  of  the  thy¬ 
roid.  When  the  enlargement  is  not  associated  with  any  gen¬ 
eral  effects  referable  to  disturbed  function  of  the  thyroid,  it  is 


Fig.  10-4  Showing  the  effect  of  thyroidectomy  upon  the  metamor¬ 
phosis  of  tadpoies.  A,  thyroidectomized ;  B,  normal  frogs  of  the  same 
hatching.  (After  Allen,  redrawn.) 


called  simple  goiter.  Goiter  may,  however,  be  aecompanied  by 
underfunctioning  or  by  overfunctioning  of  the  thyroid  —  hy¬ 
pothyroidism  and  hyperthyroidism,  respectively. 

The  histological  appearance  of  the  goitrous  thyroid  varies. 
In  one  type  the  alveoli  are  enlarged,  irregular  in  size  and  shape, 
and  filled  with  colloid  material.  This  is  called  simple  colloid 
goiter  (Fig.  io-6).  Colloid  goiter  may  progress  to  atrophy  of 
the  secretory  cells,  and  their  replacement  by  fibrous  tissue;  the 
signs  of  thyroid  deficiency  (hypothyroidism)  then  make  their 
appearance.  In  a  second  type  the  cells  lining  the  alveoli  en¬ 
large  and  inultiply ;  the  wall  of  the  alveolus  is  thrown  into  folds 
which  project  into,  and  almost  obliterate  its  cavity.  This 
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form,  which  is  known  as  disuse  parenchymatous  goiter,  may 
be  associated  with  signs  of  increased  functional  activity  of  the 
gland  (hyperthyroidism).  In  the  third  type  the  gland  con¬ 
tains  a  tumor  of  thyroid  tissue  (adenoma)  i  the  surrounding 
glandular  tissue  may  be  normal.  This  form  is  called  adenom¬ 
atous  goiter.  It  too  may  give  xise  to  hyperthyroidism. 

All  forms  of  simple  goiter  are  due  to  a  deficiency  of  iodine 
in  the  food  and  drinking  water.  Other  forms  of  goiter,  in  many 


Fig.  10-5  Axolotls,  A  has  not 
been  treated.  B  has  received  thy¬ 
roid  extract.  Note  the  disappear- 
a,p.ce  of  the  gills  and  fin  in  the 
latter. 

instances  at  any  rate,  are  also  believed  to  be  due  to  some  defi- 

ciency  of  this  element.  It  is,  therefore,  in  regions  where  iodine 
is  iow',  such  as  those  far  removed  from  the  sea  (which  contains 
large  stores  of  iodine),  that  goiter  is  prevalent.  The  inhabitants 
of  mountain  villages,  e.g.,  in  the  Alps,  Pyrenees,  and  Himalayas, 
have  been  among  the  chief  sufferers.  Through  the  ages  iodine 
has  been  leached  from  the  soils  of  these  regions  and,  as  a  conse¬ 
quence,  the  water  and  food  have  a  very  low  iodine  content.  In 
certain  parts  of  North  America,  especially  in  areas  near  the 
Great  Lakes,  and  in  some  inland  and  hilly  counties  of  England, 
there  is  a  poverty  of  iodine,  and  goiter  is  occasionally  seen,  even 
today.  Since  the  importance  of  iodine  for  normal  thyroid  func¬ 
tion  has  been  recognized,  small  amounts  of  iodine  are  taken  by 
the  population  of  goitrous  districts;  as  a  result  of  this  preventive 
measure  goiter  is  much  less  prevalent  today  than  in  the  past. 
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Fig.  10-6  Goiter,  Microscopic  appearance  of  the  thyroid  in  colloid 
(A)  parenchyma  tons  (B),  and  adenomatous  (C)  goiter.  In  C  a  por¬ 
tion  of  normal  gland  tissue  is  seen  on  the  left;  COL,  colloid;  FOL, 
follicles,  the  walls  of  which  encroach  upon  the  follicular  cavities;  AD, 
adenomatous  tissue,  alongside  (above  and  on  left)  normal  thyroid  tissue. 

Iodine,  as  we  shall  see  presently  (p.  453),  is  an  essential  con¬ 
stituent  of  the  thyroid  hormone. 

Hypothyroidism  {thyroid  deficiency^.  In  infants  and  young 
children  thyroid  deficiency  produces  effects  essentially  similar 
to  those  seen  in  animals  following  thyroidectomy.  The  defects 
of  physical,  sexual,  and  mental  development  form  a  character¬ 
istic  picture  to  which  the  term  cretinism  is  applied;  the  child  is 
called  z  cretin.  These  young  victims  of  thyroid  deficiency  are 
dwarfed  to  a  marked  degree  and,  unless  the  condition  is  cor¬ 
rected  at  an  early  age  by  the  administration  of  thyroid  extract 
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or  of  thyroxine  (p.  452),  tlieir  lieight  when  they  reach  adult 
age  may  be  no  greater  than  that  of  a  norma!  child  of  7  or  8 
years.  The  sexual  organs  do  not  develop,  nor  do  the  secondary 
characters  of  sex  appear.  The  basal  metabolic  rate  is  low^ered. 
Mental  growth  is,  as  a  rule,  very  seriously  retarded ;  maii,y  cretins 
are  imbecile  or  idiotic,  and  a  large  proportion  are  deaf  mutes 


rig.  10-7  A.  Intant  cretin.  (Kindness  of  Dr.  L  N.  Kogcliii?iss.)  B. 

Cretinism  of  mild  grade.  (Kiodness  of  Dr.  A.  L.  Chute.) 

(Figs.  10-7  to  10-9).  The  facial  features  are  coarse;  the  bridge 
of  the  nose  is  depressed;  the  tongue  in. many  instances  is  en¬ 
larged  and,  as  if  too  large  for  the  mouth,  protrudes  between 
the  lips.  The  skin  of  the  entire  body  appears  thick  and  puffy, 
due  to  the  deposition  of  a  gelatinous  fluid  in  the  subcutaneous 
tissues.  The  hair  is  dry,  brittle  and  sparse. 

Cretinism  is  very  commonly  associated  with  goiter,  and  is 
therefore  most  prevalent  in  goitrous  districts.  As  already  men¬ 
tioned,  goitrous  enlargement  may  lead  to  atrophy  of  the  secre¬ 
tory  cells. 

'Myxcdctun.  This  condition  is  the  result  of  thyroid  deficiency 
commencing  in  adult  life.  Its  general  features,  namely,  the 
low  metabolic  rate,  the  .thickness  and  puffiness  of  the  skin 
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Fig.  10-8  Showing  the  effect  of  thyroid  extract  in  correcting  cretinism. 
First  photograph  taken  at  age  of  4  years  before  treatment  was  com¬ 
menced,  others  taken  at  one,  two  and  three  years  subsequently.  (From 

joll  after  Hertoghe.)  j  \ 
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Fig.  ro-g  A  group  of  cretins  in  an  institution.  (After  Falta.) 
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(myxedema)  from  which  the  condition  originally  got  its  name, 
the  scantiness  and  dryness  of  the  hair,  are  similar  to  those  just 
described  for  cretinism.  But  inasmuch  as  full  development, 
skeletal,  sexual,  and  mental,  has  been  attained  before  the  on¬ 
set  of  the  disease,  many  of  the  characteristic  features  of  cretinism 
are  absent.  Myxedematous  subjects,  though  they  are  apathetic 
and  lethargic  and  think  slowly,  are  not  mentally  defective. 


Fig.  lo-io  Myxedema.  Left,  before  treatment  with  thyroid  extract. 

Rigkt,  after  treatment.  (From  Joll.) 

The  myxedematous  subject  is  very  quickly  restored  to  normal 
by  thyroxine  or  thyroid  extract.  The  cretin  may  also  be  stimu¬ 
lated  to  normal  growth  and  development  by  thyroid  treatment, 
provided  this  is  started  at  an  early  age  (p.  448).  The  longer 
that  treatment  is  postponed,  the  less  benefit  will  be  derived  from 
treatment  and,  if  the  condition  has  existed  for  years,  little  bene¬ 
fit  will  result  (see  Figs.  10-8  to  lo-io). 

Hyperthyroidism,  thyrotoxicosis  (operactimty  of  the  thyroid 
gland).  Hyperthyroidism  occurs  in  two  forms,  considered  on 
the  basis  of  the  microscopical  appearance  of  the  gland.  In  the 
first  form,  called  exophthalmic  goiter,  the  whole  gland  is  en¬ 
larged.  The  chief  features  of  this  condition  are  (a)  enlarge¬ 
ment  of  the  thyroid,  (b)  elevation  of  the  basal  metabolic  rate, 
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(c)  disturbances  of  carbohydrate  metabolism,  e.g.,  reduction  in 
the  glycogen  stores,  hyperglycemia,  and  glucosuria,  (d)  nerv¬ 
ousness  and  tremor,  (e)  rapid  action  of  the  heart,  and  (f)  pro¬ 
trusion  of  the  eyeballs  {exofhthalmos,  see  Fig.  lo-ii).* 

The  name  given  to  this  type  is  not  always  appropriate  since 
there  may  not  be  exophthalmos,  and  this  may  be  present  in  the 

second  form  called  toxic  adenoma, 
in  which  the  gland  contains  one  or 
more  tumors  of  thyroid  tissue  {ade¬ 
noma')  surrounded  by  normally  ap¬ 
pearing  thyroid  tissue.  In  both 
types,  the  affected  thyroid  tissue 
shows  signs  of  great  activity,  pre¬ 
senting  those  features  described  on 
page  447  as  parenchymatous  goiter. 

The  thyroid  hormone.  It  was 
shown  nearly  fifty  years  ago  that 
the  thyroid  was  a  gland  of  internal 
secretion.  An  English  physician, 
George  Murray,  in  1891  prepared  a 
glycerin  extract  of  sheep’s  thyroids. 
This  preparation,  when  adminis¬ 
tered  by  injection  to  a  subject  of 
...  ,  .  myxedema,  restored  him  to  normal 

within  a  very  short  time.  It  was  discovered  later  that  thyroid 
tissue,  dried  and  powdered  and  given  by  mouth  was  equally 
effective.  At  this  time,  nothing  was  known  regarding  the 
chemical  nature  of  the  hormone,  but  it  was  soon  found^  that 
thyroid  extracts  contained  iodine  combined  with  protein  This 
lodine-protein  compound  was  called  thyreoglobulin  (or  thyro- 

the  eylThtti;  ArroSr  pttf 

tion  of  this  thyroUectomhed  animals  by  the  continued  adminis  J 


Fig.  lo-ir'  Exophthaimic 
goiter.  (After  Crotti.) 
Note  the  prominence  of 
the  eyes  (exophthalmos). 
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cles  with  asphyxia!  attacks  are  common;  the  child  becomes  blue 
(cyanosis),  but,  presently,  the  obstruction  to  breathing  is  over¬ 
come,  the  air  being  then  drawn  into  the  chest  with  a  high- 
pitched  “  crowing  ”  sound.  In  other  instances  generalized  con¬ 
vulsions  occur. 

In  either  infants  or  adults,  the  serum  calcium  is  sometimes 
reduced  below'  the  normal  level,  but  not  quite  low  enough  to 
bring  on  a  tetanic  attack,  under  ordi¬ 
nary  circumstances.  This  is  called  la¬ 
tent  tetany.  A  typical  tetanic  seizure 
may  result,  however,  from  some  upset 
in  the  general  health.  Latent  tetanv 
may  be  detected  by  the  following  tests: 

(a)  Tapping  over  the  facial  nerve  in 
front  of  the  ear  causes  twitchings  of  the 
muscles  of  the  face,  if  latent  tetany  ex¬ 
ists.  This  is  called  Chvoste}(s  sign. 

(b)  Erb’s  sign.  The  muscles  show  in-  , 

creased  excitability  to  stimulation  by  a  tetany  showing  the  char- 
galvanic  current  (applied  to  the  skin  acteristic  attitude  of  the 

overlying  a  muscle),  (c)  Trousseau’s  during  a  carpo- 

,•  -r  ■  ■  '  11  peda!  spasm.  (.After 

Sign,  lying  a  tourniquet  around  the  Falta.) 

arm  above  the  elbow',  so  as  temporarily 

to  occlude  the  blood  supply,  causes  the  hand  to  assume  the 
characteristic  attitude. 

Hyperparathyroidism  (excess  of  the  parathyroid  hormone). 
In  animals  overdosage  with  parathyroid  extract  causes  (besides 
the  hypercalcemia  and  the  increased  excretion  of  calcium  and 
phosphorus,  already  mentioned)  very  grave  effects,  e.g.,  depres¬ 
sion  of  spirits,  muscular  w'cakness,  and.  hemorrhages  into  the 
stomach  and  intestines.  Death  occurs  within  a  few'  days.  If 
given  in  smaller  doses  over  a  long  period,  softening  of  the  bones, 
as  a  result  of  the  removal  of  calcium,  results.  In  man,  there  is 
little  doubt  that  excessive  amounts  of  the  extract  would  produce 
similar  effects. 

A  rare  disease,  known  as  osteitis  fibrosa  cystica,  is  caused  by 
overactivity  of  the  parathyroid  glands  themselves.  A  tumor  of 
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one  or  other  of  the  four  glands  is  usually  present;  this  secretes 
excessive  amounts  of  the  parathyroid  hormone  into  the  blood 
stream,  producing  effects  closely  similar  to  those  resulting  from 
overdosage  with  parathyroid  extract,  namely,  hypercalcemia, 
increased  excretion  of  calcium  and  phosphorus  in  the  urine,' 
and  softening  of  the  bones,  which  in  some  cases  leads  to 
marked  deformity.  The  bony  tissue,  which  normally  is  dense 
and  contains  a  high  percentage  of  mineral,  becomes  de- 


Fig.  10-15  Longitudinal  section  of  bone  (fibula)  showing  structural 
changes  in  osteitis  fibrosa  cystica.  (Drawn  from  a  photograph.)  Note 
deformity  of  shaft  and  cystic  cavities  in  the  head  of  the  bone. 


mineralized  and  more  fibrous  in  character.  In  places,  the  bone 
structure  is  replaced  by  cavities  (cysts)  of  various  sizes  and 
shapes  (see  Fig.  10-15)  i  extreme  deformities  of  the  long  bones 
may  result.  Renal  stones  {calculi)  are  common  in  this  disease 
and  are  due  to  the  deposition  of  calcium  excreted  in  excess  bv 
the  kidney.  ^ 


The  Adrenal  Glands  {or  Suprarenal  Capsules) 

These  ye  two  somewhat  pyramidal  structures  lying,  one  on 
each  side  of  the  body,  in  contact  with  the  upper  pole  of  the 
kidney  (Fig.  7-8,  p.  313).  Each  gland  measures  from  i  to  2 
inches  m  length.  The  adrenal  gland  is  actually  two  glands  in 
one,  for  each  consists  of  two  functionally  distinct  parts  — a 
central  portion  c-alled  the  medulla,  and  a  surrounding  zone  of 
tissue  called  the  cortex.  In  certain  fish  (the  elasmobranchs)  the 
two  parts  are  quite  separate  (Fig.  10-16).  The  tissue  corre- 
spondmg  to  the  mammalian  adrenal  medulla  is  present  as  sev- 
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Fig.  10-16  Adrenal  tissue  in  Elasmobranch  fish  (A),  in  maiTi.niais  (B). 

I,  sympathetic  chain  of  ganglia;  2,  medullary  tissue;  3,  corticai  tissue; 

4,  kidney.  The  adrenals  should  have  been  shown  in  contact  with  the 
upper  pole  of  the  kidney. 

eral  small  masses  of  cells  lying  in  close  relation  to  die  ganglia 
of  the  sympathetic  chain.  The  two  parts  of  the  adrenal  gland 
have  quite  different  origins,  and  there  is  but  little  evidence  that 
their  functions  are  closely  related.  The  medulla  develops  from 
a  group  of  cells,  split  off  from  the  neural  crest  of  the  early 
embryo,  to  which  the  ganglion  cells  of  the  sympathetic  nervous 
system  also  trace  their  ancestry.  It  is  important  to  remember 
this  fact  in  order  to  understand  the  functions  of  this  part  of  the 
gland.  The  cortex,  on  the  other  hand,  arises  from  the  multipli¬ 
cation  of  cells  in  close  relation  to  those  from  which  the  sex 
glands  (testes  and  ovaries)  are  developed  (see  Fig.  10-17). 
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Fig.  10-17  A  section  of  the  adrenal  gland  extend¬ 
ing  from  the  capsule  to  include  the  cortex  and  the 
outer  third  or  so  of  the  medulla. 


The  functions  of  the  adrenal  medulla.  Over  50  years  ago 
(1894)  two  physiologists  in  Edinburgh  (Professor  Schafer  and 
Dr.  Oliver)  showed  that  an  extract  of  the  adrenal  medulla 
caused  a  pronounced  rise  in  blood  pressure  when  injected  sub¬ 
cutaneous  y  or  mtravenously.  The  active  principle  of  the  ex¬ 
tract  was  later  isolated  m  pure  crystalline  form  and  finally  syn- 
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thesized.  It  was  named  epmephnne ^  but  adrenaline  is  the  name 
more  commonly  used  today.  Adrenaline  is  related  to  the 
amino-acid  tyrosine;  it  has  the  following  structural  formula: 

OH 

ho/  ^CH(OH)  ■  CHr  NHCHs 

The  rise  in  blood  pressure  following  an  injection  of  adren¬ 
aline  (Fig.  10-18)  is  the  result  of  constriction  of  the  small  blood 
vessels  (arterioles),  chiefly  of  the  skin  and  abdomen.  The  ves- 


Fig.  10-18  Showing  effect  of  adrenaiinc  upon  intestinal  contraction's 
(A)  and  blood  pressure  (B).  i  cc.  of  1  in  10,000  adrenaline  soliition 
injected  at  X.  (Modified  from  Jackson.) 


sels  of  the  heart  (coronaries)  and  of  the  skeletal  muscles  are 
dilated  by  adrenaline.  The  heart  is  slowed;  this  action  is  the 
reflex  result  of  the  rise  in  blood  pressure  (Marey’s  law,  p.  205) 
for  if  the  vagus  nerves  are  first  cut  the  heart  is  accelerated  by 
adrenaline.  The  quantity  of  adrenaline  required  to  cause  car¬ 
diac  acceleration  is  minute.  The  denervated  heart  — that  is, 
the  heart  completely  isolated  from  nervous  control  by  interrup¬ 
tion  of  the  vagus  and  sympathetic  pathways  —  is  increased  in 
the  rate  of  its  beating  by  as  little  as  i  part  of  adrenaline  in 


parts  of  blood. 


The  denervated  heart  therefore 
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provides  the  most  sensitive  test  object  for  detecting  the  presence 
of  adrenaline  in  blood  or  other  fluid. 

Other  effects  produced  by  the  extract  of  the  adrenal  medulla 
are  inhibition  of  the  movements  of  the  intestine,  and  contraction 
of  the  pyloric,  iliocolic,  and  internal  anal  sphincters.  It  relaxes 
the  smooth  muscle  of  the  bronchioles,  thus  causing  dilatation  of 
these  parts  of  the  bronchial  tree.  It  is,  therefore,  of  great  value 
in  relieving  spasm  of  the  bronchioles  in  attacks  of  asthma. 


Fig.  10-19  Showing  the  effect  of  adrenaline  in  postponing  muscular 
fatigue.  Note  the  increase  in  the  height  of  the  contractions  following 

each  injection  of  adrenaline.  * 


Adrenaline  inhibits  the  wall  of  the  urinary  bladder,  but  causes 
contraction  of  the  ureter,  and  of  the  sphincter  of  the  bladder. 
In  most  animals  the  uterus  contracts  under  the  influence  of 
adrenaline.  It  dilates  the  pupil  of  the  eye  and  contracts  the 
smooth  muscle  of  the  skin  through  which  the  hairs  or  feathers 
are  elevated.  It  exerts  a  favorable  effect  upon  the  contraction 
of  skeletal  muscle;  an  isolated  muscle  subjected  to  repeated 

Stimulation  fatigues  less  readily  if  treated  with  adrenaline  (Fig; 
10-19). 

^  Adrenaline  also  raises  the  metabolic  rate;  this  is  spoken  of  as 
Its  cdongemc  action.  It  increases  the  sugar  content  of  the 
blood  by  causmg  an  increased  breakdown  in  the  liver  of  glyco¬ 
gen  to  sugar.  The  decomposition  of  muscle  glycogen  is  also 
accelerated,  lactic  acid  being  produced  which,  escaping  into  the 
circulation,  raises  the  level  of  the  lactic  acid  in  the  blwd.  The 
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lactic  acid  is  carried  to  the  liver  and  there  reconverted  to  glyco¬ 
gen.  These  effects  in  their  relation  to  the  carbohydrate  cycle 
are  shown  in  the  following  scheme: 

Muscle  glycogen 

Blood  ^  I 

Lactic  acid  ' - Blood  glucose 


^ ^  Liver  glycogen - — ^ 

Adrenaline  hastens  the  clotting  of  blood;  but  this  effect  is 
brought  about  only  if  the  adrenaline  is  injected  into  the  body. 
It  exerts  no  effect  upon  the  clotting  process  when  added  to  blood 
after  it  has  been  shed,  i.e.,  when  added  to  blood  in  a  test  tube. 
This  difference  in  the  action  of  adrenaline  upon  the  clotting 
process  within  and  outside  the  body  suggests  that  the  hormone 
acts  in  the  former  case,  not  directly,  but  through  some  other 
tissue  or  organ  acting  as  an  intermediary.  The  nature  of  the 
intermediary  is  unknown. 

Most  of  the  effects  listed  above  as  following  adrenaline  ad¬ 
ministration  can  be  produced  by  stimulation  of  sympathetic 
nerve  fibers.  Indeed,  the  actions  of  adrenaline  may  be  summed 
up  by  saying  that  it  imitates  the  effects  of  sympathetic  excitation. 
This  remarkable  sympathomimetic  action  is  perhaps  not  so  sur¬ 
prising  when  we  recall  that  the  adrenal  medulla  and  sympa¬ 
thetic  nerve  cells  have  a  common  origin  (p.  459)." 

The  emergency  theory  of  the  junction  of  the  adrenal  me¬ 
dulla.  By  a  great  number  of  ingenious  experiments,  Professor 
Cannon  and  his  several  associates  at  Harvard  University  have 
demonstrated  that  the  hormone  of  the  adrenal  medulla  serves 
an  emergency  function.  It  reinforces  the  action  of  the  sympa- 

2  It  has  been  found  that  extracts  of  the  adrenal  medulla  contain,  as  well  as  the 
well-known  adrenaline,  a  second  principle  with  similar  but  not  identical  actions.  It 
is  known  as  noradrenaline.  Unlike  adrenaline,  its  action  upon  the, vascular  system  is 
entirely  constrictor.  It  exerts  only  a  slight  effect  upon  cardiac  action.  Com,mcreial 
adrenaline  is  actually  a  mixture  of  tw^o  principles:  adrenaline  proper  and,  noradrenai- 
inc;  the  latter  appears  to  be  identical  with  sympathin  E  (p.  466). 
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thetic  nervous  system  to  raise  the  defense  mechanisms  of  the 
body  agamst  the^dangers  and  rigors  of  the  environment  to  a 

high  level  of  efficiency.  These  workers  experimented  with  cats 
in  which  the  heart  had  been  denervated  by  cutting  the  vagus 
nerves  and  excising  the  stellate  ganglion  of  the  sympathetic 
Cham  which  gives  rise  to  or  transmits  the  sympathetic  fibers 
to  the  heart.”*  It  was  found  that  fright  (caused  by  a  barking 
dog),  exposure  to  cold,  asphyxia,  the  administration  of  an  an 
esthetic,  pam,  or  muscular  contraction  caused  acceleration  of 
the  heart.  Smce  the  cardiac  acceleration  could  not  have  been 
caused  by  nervous  influences,  and  did  not  occur  after  removal 
of  the  adrenals,  it  must  have  been  due  to  the  action  of  adren¬ 
aline  discharged  from  the  animal’s  own  adrenal  glands. 

Under  quiet,  resting  conditions  the  blood  contains  only  a 
negligible  ainount  of  adrenaline,  about  one  part  in  one  or  two 
billion;  but  durmg  states  of  excitement  or  any  of  the  conditions 
just  mentioned  about  .004  mgm.  per  kilogram  of  body  weight 
may  be  discharged  from  the  glands  per  minute.  It  is  believed 
therefore,  that  the  adrenal  medulla  functions  only  under  cir- 
cumstances  which  demand  some  special  effort  on  the  part  of 
the  body,  as  when  an  animal  is  defending  itself  or  running 
down  Its  prey,  fleeing  from  danger  or  exposed  to  cold.  It  will 
be  recalled  that  the  reactions  of  an  animal  under  such  circum¬ 
stances,  e.g.,  the  bristling  of  fur  or  the  ruffling  of  feathers  (caused 
y  the  contraction  of  the  smooth  muscle  in  the  skin),  the  dilata- 

roW  Kl  of  the  heart,  and,  in  certain 

qold-biooded  species,  the  contraction  of  the  melanophores  (pig¬ 
ment  cells)  of  ±e  skm,-  are  characteristic  of  sympathetic  stimu- 
a  ion  or  of  adrenalme  administration.  Other  physiological 
adjustments  which  increase  the  efficiency  of  the  body  to^the 

fromT°?-  T'l  f  mobilization  of  sugar 

b  liver  (fuel  for  muscular  work),  the  rise  in  blood  pres¬ 
sure  and  the  diversion  of  blood  from  the  skin  and  splanchnic 
region  to  the  vessels  of  the  brain,  heart  and  contracting  musck^ 
the  dilatation  of  the  bronchioles,  and  the  postponLent  of 

s«l  the 
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muscular  fatigue,  are  brought  about  through  the  sympai 
nervous  system,  as  well  as  by  the  hormone  of  the  adrena' 
dulla.  The  increased  coagulability  of  the  blood  cause 
adrenaline  would  also  seem  to  be  a  part  of  the  general  de 
reaction,  for  should  a  wound  be  sustained,  bleeding  will  be : 
quickly  staunched. 

The  secretion  of  the  adrenal  medulla  is  under  the  control 
of  the  sympathetic  nervous  system.  Stimulation  of  the  splanch¬ 
nic  nerve  causes  the  liberation  of  adrenaline,  and  prolonged 
stimulation  causes  exhaustion  of  the  adrenaline  stores.  It  is  a 
very  interesting  and  significant  fact,  in  view  of  the  functional 
relationship  between  the  adrenal  medulla  and  the  sympathetic 
nervous  system,  that  the  fibers  to  the  adrenal, -unlike  any  other 
sympathetic  fibers,  do  not  form  connections  with  ganglion 
cells  but  pass  directly  to  the  ceils  of  the  medulla.  The  adrenal 
cell  thus  appears  to  take  the  place  of  the  sympathetic  ganglion 
cell.  A  center  controlling  adrenal  secretion  is  simated  in  the 
medulla  oblongata.  A  higher  center  is  present  in  the  hypo¬ 
thalamus,  and  in  the  cerebral  cortex. 

When  the  blood-pressure-raising  (pressor)  effect  of  adrenal 
extracts  was  first  discovered,  it  was  naturally  suggested  that 
the  adrenal  glands  were  responsible  for  maintaining  the  nor¬ 
mal  arterial  blood  pressure.  The  fallacy  of  such  an  idea  is 
proved  by  the  observation  that  destruction  of  the  medullary  tis¬ 
sue  of  both  adrenals  is  not  followed  by  a  fall  in  blood  pressure. 
Animals  subjected  to  this  operation  show  no  abnormality.  The 
adrenal  medulla  then,  unlike  the  adrenal  cortex,  is  not  indis¬ 
pensable.  Nor  is  there  any  evidence  that  so-called  high  blood 
pressure  {essential  arterial  hypertension)  is  due  to  the  secretion 
of  excessive  amounts  of  adrenaline. 

Sympathin.  It  has  been  shown  by  Professor  Cannon  and  his 
colleagues  that  the  sympathetic  nerves  brin?  about  their  effects 
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however,  is  not  identical  in  action  with  adrenaline.  Adrenal 
me,  as  we  have  seen,  causes  both  inhibitory  and  excitatory  ef¬ 
fects,  accordmg  to  the  particular  organ  upon  which  its  action 
IS  exerted.  But  there  are  two  kinds  of  sympathin:  one  — sym- 
pathin  I  — IS  inhibitory;  it  is  liberated  at  the  nerve  endinas  in 
such  structures  as  the  intestine  (in  which  it  causes  relaxatfon') 
coronary  vessels  (dilatation),  etc.;  the  other ~ sympat/im  E~ 
IS  excitatory  and  is  liberated  by  sympathetic  nerves  going  to  the 
heart,  the  walls  of  the  cutaneous  and  splanchnic  blood  vessels 
(vasoconstriction),  the  smooth  muscle  of  the  skin  (contrac¬ 
tion),  etc.  (See  footnote  p.  463.) 

The  functions  of  the  adrenal  cortex.  Animals  die  in  from 
10  to  15  days  after  complete  removal  of  the  adrenal  glands. 

e  have  seen  that  excision  of  the  adrenal  medulla  alone  is  not 
fatal;  the  cortex  therefore,  is  the  part  of  the  gland  which  is  es¬ 
sential  to  life.  ^  If  one  sixth  or  so  of  the  total  amount  of  adrenal 
cortical  tissue  is  left,  the  animal  survives;  this  part  of  the  gland 
must,  therefore,  produce  a  highly  potent  hormone. 

Durmg  the  time  that  the  animal  survives  after  double  adren¬ 
alectomy,  Ae  following  effects  are  observed:  (i)  loss  of  appe¬ 
tite,  vomiting,  fall  in  blood  pressure,  muscular  weakness  and, 
just  before  death,  profound  prostration;  (2)  subnormal  body 
temperature  and  reduced  basal  metabolic  rate;  (3)  concentra- 
tion  of  the  blood  due  to  a  loss  of  plasma  water;  (4)  reduction 
m  the  sodi^  chloride  of  the  blood  and  a  rise  in  the  potassium 
ca  cium  phosphate  and  nonprotein  nitrogen;  (5)  hypoglvcc- 
mia;  (6)  signs  of  renal  failure.  ^  ^5^  nypogiycc 

The  horrnone  of  the  adrenal  cortex  controls  the  metabolism 
of  water  and  salts.  In  the  absence  of  the  adrenal  cortex  sodium 
and  water  are  excreted  in  excessive  amounts,  whereas  potassium 
escapes  into  the  body  fluids  from  the  tissue  cells,  where  nor- 
mally  it  is  in  relatively  high  concentration.  Excretion  of  this 
mineral  by  the  kidneys  is  also  impaired;  its  concentration  there¬ 
fore  rises  m  the  blood. 

The  adrenal  cortex  also  exerts  an  influence  upon  carbohy- 

apparently  to  a  hormone  other 
than  that  controlling  the  metabolism  of  water  and  salt. 
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Destnictive  disease  of  the  adrenal  cortex,  usually  of  a  mber- 
ciilous  nature,  occurs  in  man.  The  manifestations  of  this  con¬ 
dition,  which  is  known  as  Addisotis  disease,  are  similar  to, 
though  less  acute  than,  those  just  described  as  resulting  from 
adrenalectomy  in  animals.  The  disease,  if  untreated,  is  grad- 
uail?  progressive,  death  occurring  within  two  or  three  years. 
A  bronze  or  dirty  gray  discoloration  of  the  skin,  which  is  not 
seen,  as  a  rule,  in  animals  after  adrenalectomy,  is  a  prominent 
feature  in  Addison’s  disease.  The  skin  may  be  mottled,  pale 
areas  of  depigmentation  lying  adjacent  to  over-pigmented  areas. 
Anemia  and  gastro-intestina!  disturbances  are  also  outstanding 
features  of  adrenal  deficiency  in  the  human  subject.  The 
pigmentation  is  due  to  an  increase  in  the  normal  pigment 
{melanin)  of  the  skin.  The  disturbances  in  water  and  salt 
metabolism,  already  described  as  occurring  in  adrenalectomized 
animals,  are  prominent  features. 

Addison’s  disease  is  treated  by  the  administration  of  a  hor¬ 
mone  (usually  desoxy corticosterone,  see  below)  obtained  from 
the  adrenal  cortex,  or  prepared  synthetically,  in  combination 
with  a  diet  high  in  sodium  content  and  low  in  potassium. 

The  active  principles -isolated  from  the  adrenal  cortex.  Sev¬ 
eral  active  principles  have  been  extracted  from  the  adrenal 
cortex  and  prepared  in  crystalline  form.  Chemically  they  all 
belong  to  the  class  of  fatty  or  w^ax-like  substances  known  as 
steroids  (p.  408).  They  are  basically  similar  in  molecular  struc¬ 
ture  to  the  sex  hormones.  A  hormone  was  isolated  from  the 
adrenal  cortex  some  years  ago  by  Dr.  E.  C.  Kendall  of  the 
Mayo  Foundation.  It  has  a  long  chemical  name  but  is  known 
more  briefly  as  Kendall’s  compound  E.  More  recently,  owing 
to  the  possible  confusion  with  vitamin  E,  it  has  been  designated 
cortisone.  It  w^as  discovered  by  Dr.  P.  S.  Heoch  and  his  asso¬ 
ciates  of  the  Mayo  Clinic  that  this  principle  exerts  a  most 
favorable  effect  upon  the  course  of  chronic  (rheumatoid)  ar¬ 
thritis  and  acute  rheumatic  fever. 

The  physiological  action  of  cortisone  is  upon  the  redundant 
connective  tissue  (collagenous  fibers)  surrounding  the  affected 
joints,  causing  its  dissolution.  This  principle  has  also  been 
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employed  io  affections  of  the  skin  associated  with  disorde  . 
the  collagenous  tissues.  Besides  the  of 

been  used  ,n  a  wide  variety  of  pathological  staKs'e ‘iT  l" 
asthma,  multiple  enlargement  of  l4h  node,  atiZZ": 

. ' . .  With  considerable  benefit.  The 

mode  of  action  of  cortisone  in 
many  of  these  disorders  is  not 
clearly  understood.  The  secre¬ 
tion  of  cortisone,  like  that  of 
other  hormones  of  the  adrenal 
cortex  IS  under  the  control  of 

the  adrenocorticotrophic  hor 
mone  (ACTH)  of  the  pituitary 

body.  So  far  as  is  known,  the 
latter  hormone  is  the  sole  means 

whereby  the  function  of  the 
adrenal  cortex  is  controlled 
Unlike  the  adrenal  medulla  the 
liberation  of  its  hormones  is  not 
regulated  by  nerves. 

Among  the  other  steroid  prin¬ 
ciples  obtained  from  the  adrenal 
cortex  are  corticosterone  and 
aesoxycorticosterone.  The  for- 

p.  -  its  chief  action  on 

the  florid  “beefy”  face  and  the  f  ^  “^/°^™3tlOn  of  sugar 

precocious  development  of  the  geni-  ,  ™  P™tcin,  increase  in  the 

ta  structures.  (After  Guthrie.)  glycogen  Stores  and  hypergly- 

corticosterone  is  directed  mo'  action  of  desoxy- 

and  potassium,  increasing  tfT  ^  metabolism  of  sodium 

former,  and  stimulating  rh  ^  m  the  body  of  the 

The  o  1  "  ^'^laang  the  renal  excretion  of  the  latter 

and '‘•e  female  sex  hormones 
iiy  known  af  hormone  acdv 

The  adrenal  cortex  is  reladvely  rich  in  cholesterol  and  in 


inn 


tamin  C  (ascorbic  acid).  Tbe  former  is  probably  the  chid 
.bstance  from  which  the  steroid  hormones  of  the  adrenal  arc 
nthesized.  The  concentrations  of  both  these  substances  arc 
duced  when  the  adrenal  cortex  is  stimulated,  as  by  the  adreno- 
rticotrophic  hormone  of  the  pituitary  (p.  475)  to  liberate  its 
)rmones.  The  role  played  by  vitamin  C  with  respect  to  the 


Hg.  10-21  Virilism  due  to  tumor  of  adrenal  cortex.  On  kft,  at  age  of 
28  years  before  tiie  onset  of  the  disease;  on  right,  at  age  of  Years, 
(After  Lescher.)  '  * 
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unusual  muscular  development  for  their  age  (Fig.  10-20). 
Women  who  are  the  victims  of  cortical  enlargement  or  tumor 
become  obese,  and  masculine  in  appearance;  hair  grows  upon 
the  face  and  chest,  and  their  disposition  tends  toward  “  man¬ 
nishness.”  This  condition  is  referred  to  as  virilism  (Fig.  10-21). 

The  cortex  of  the  adrenal,  as  well  as  the  medulla,  appears  to 
play  a  role  in  states  of  stress,  for  when  such  a  state  as  exposure 
to  extreme  cold,  hemorrhage,  bacterial  infection,  or  severe  me¬ 
chanical  injury  is  suffered  by  an  animal,  the  output  of  the 
adrenal  cortex  is  increased-^ 

The  Pituitary  Body  or  Gland  (Hypophysis  Cerebri) 

Development  and  structure.  The  pituitary  gland  is  con¬ 
nected  by  a  narrow  stalk,  called  the  neural  stal\  or  injundibu- 
lum,  to  the  base  of  the  brain  just  behind  the  optic  chiasma.  In 
man  it  is  oval  in  form  and  measures  a  little  over  half  an  inch 
in  its  longest  diameter.  It  is  lodged  within  a  small  recess  in 
the  bone  of  the  base  of  the  skull,  known  as  the  sella  turcica 
(L.,  Turkish  saddle).  The  pituitary  consists  of  an  anterior  and 
a  posterior  portion.  These  have  separate  origins  and  are  differ¬ 
ent  in  strucmre  and  function.  The  anterior  part  arises  from  the 
embryonic  mouth  cavity  as  a  hollow  pouch  (Rathl^e’s  pouch) ; 
the  posterior  part  is  formed  by  a  downgrowth  of  nervous  tissue 
from  the  floor  of  the  third  ventricle  at  the  base  of  the  develop¬ 
ing  brain.  Rathke’s  pouch  grows  upward  and,  meeting  the 
downgrowth  from  the  brain,  fuses  with  it.  The  cavity  of 
Rathke’s  pouch  becomes  reduced  to  a  narrow  cleft  by  pressure 
against  the  posterior  part ;  the  anterior  wall  of  the  pouch  —  that 
is,  the  portion  lying  in  front  of  the  cleft,  becomes  thickened 
and  is  now  called  the  pars  distalis  or  pars  anterior  of  the 
pituitary  (Fig.  10-22).  The  posterior  wall  of  Rathke’s  pouch 
is  represented  by  a  thin  shell  of  tissue,  closely  applied  to  the 
anterior  aspect  of  the  posterior  part  of  the  gland ;  it  is  called 
the  pars  intermedia.  That  portion  of  the  pituitary  developed 
from  the  base  of  the  brain  and  lying  behind  the  pars  intermedia 
is  known  as  the  neural  lobe  or  the  pars  nervosa. 
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The  part  of  the  pituitary  situated  in  front  —  that  is,  the  pars 
anterior  —  is  readily  separated  from  the  rest  of  the  gland  and 
is  very  commonly  referred  to  as  the  anterior  lobe,  whereas  the 
portion  lying  behind  the  natural  line  of  cleavage  offered  by  the 
cleft  is  called  the  posterior  lobe.  The  latter  term,  therefore, 
includes  both  the  pars  intermedia  and  the  neural  lobe.  A  part 
of  the  tissue  of  Rathke's  pouch  also  extends  upward  as  far  as 
the  base  of  the  brain,  where  it  covers  a  mass  of  nerve  cells  in 

Fig.  io-;2  Diagra.-r.  cf  the  pita:- 

IZ7\'  body  (hypophysis  cerebri  i.  i, 
third  ventricle  of  the  brain;  2,  par^. 
distalis  (anterior);  3,  neural  lobe: 

4,  cleft;  5,  pars  intermedia  (black  . ; 

K  pars  tuberalis  (stippled).  Note 
the  nerve  fibers  entering  the  neural 
lobe  from  the  hypothalamic  nuclei 
( hypothalamico-hypophyseal  tract, 
p.  594). 


this  situation  known  as  the  tuber  cinereum.  This  part  of  the 
pituitary,  which,  having  the  same  origin  as  the  anterior  !obe,  is 
usually  included  with  it,  is  called  the  pars  tuberalis.  As  devei- 
opment  proceeds,  the  connection  of  the  pituitary  with  the 
mouth  cavity  disappears,  but  that  with  the  base  of  the  brain 
persists  and,  as  mentioned  above,  is  called  the  neural  stalk  or 
infundibulum. 

The  nomenclature  of  the  parts  of  the  pituitary  is  confusing 
owing  to  varied  designations  m^ich  different  authors  from 
time  to  time  have  adopted.  The  different  terms  are  given  in 
the  following  table,  with  the  names  in  most  common  use  today 
given  first  and  the  older  terms  in  small  brackets. 


Origin 


From  the  mouth  cavitv 


From  the  base  of  the 
brain;  floor  of  3rci 
cerebral  ventricle 


Pars  distalis  [pars  gl anduiaris,  pars 
anterior] 

Pars  tuberalis 
^  Pars  intermedia 

Neural  lobe  [pars  nervosa] 

Neural  stalk  [infundibulum] 


Anterior 

lobe 


Posterior 

lobe 
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The  anterior  lobe  consists  of  cords  of  cells  separated  Ku  i 
tively  wide  blood  channels  (sinuses).  The  cells  are  oI th^ 
main  types:  (a)  those  which  are  stained  poorly  by  ord;r' 
dyes  — chromophobe  cells;  (b)  those  which  stin  with 
dyes  — acidophil  (alpha)  cells;  and  (c)  those  which  stain  wi4 
basic  dyes  —  basophil  (beta)  cells  (see  Fig.  10-23).  ^ 


Fig.  10-23  Microscopic  section  of  pars  distalis  (anterior)  showing  dif- 

ferent  types  of  cell. 

The  posterior  lobe  of  the  pituitary  receives  numerous  fibers 
from  nerve  cells  situated  in  the  region  of  the  brain  near  tbe 
origin  of  the  infundibulum  (see  hypothalamus,  p.  594).  A 
few  nerve  fibers  have  been  traced  into  the  anterior  lobe,  though 
it  is  believed  that  they  are  not  secretory,  but  entirely  vasomotor 
in  function.  The  structure  of  the  neural  lobe  is  quite  different 
from  that  of  the  anterior  lobe.  It  contains  nerve  fibers,  spindle- 
shaped  cells  called  pituicytes,  neuroglial  cells,  and  hyaline 
bodies.  These  latter  are  cells  filled  with  a  clear  homogeneous 
material ;  their  function  is  doubtful,  though  they  are  believed 

by  some  to  furnish  the  active  principle  of  the  posterior  lobe 
secretion. 

The  functions  of  the  anterior  lobe.  The  functions  of  the 
anterior  lobe  of  the  pituitary  are  many.  The  growth  of  the 
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skeleton,  the  development  of  the  sex  glands,  and  the  activity  of 
the  thyroid,  adrenal  and  parathyroid  glands  are  dependent  upon 
this  part  of  the  pituitary.  Within  the  last  fifteen  years  or  so  the 
anterior  lobe  has  been  the  object  of  intensive  investigation.  A 
number  of  separate  active  principles  or  hormones,  each  of  which 
exerte  its  specific  effect  when  injected  into  animals,  have  been 
obtained  by  the  extraction  of  anterior  lobe  tissue.  It  has  been 
apuy  termed  the  master  gland  of  the  endocrine  system  (see 
ig.  10-44,  P-  498)-  Its  hormones  are  protein  in  nature. 

The  pituitary  principles  which  upon  injection  give  relatively 
pure  effects,  and  are  probably  distinct  and  separate  hormones, 
are  as  follows: 

(1)  The  growth  hormone, 

(2)  The  thyrotrophic  hormone  (TTH), 

(3)  The  adrenocorticotrophic  hormone  (ACTH), 

^Ja)  and  (5)  Two  gonadotrophic  hormones  (FSH  and  LSH), 

(6)  Prolactin. 

Certain  effects  other  than  those  produced  by  the  foregoinv 
more-or-less  pure  principles  can  be  produced  by  relatively 
crude  (unfractioned)  extracts  of  the  anterior  lobe."  These  ef¬ 
fects  are: 

(1)  Diabetogenic, 

(2)  Glycotropic, 

(3)  Ketogenic, 

(4)  Parathyrotrophic, 

(5)  Pancreotrophic. 

Arrest  of  skeletal  growth  follows  removal  of  the  pituitary 
{hypophysectomy)  from  young  animals,  and  the  sex  glands  do 
not  develop;  the  thyroid  and  cortex  of  the  adrenal  atrophy 
The  daily  transplantation  of  anterior  lobe  tissue  into  the  hy- 
pophysectomized  animals  is  followed  by  the  resumption  ol 
growth,  by  the  development  of  the  atrophic  testes  or  ovaries 
and  restoration  to  normal  of  the  adrenal  cortex  and  thyroid 
gland.  The  effects  of  hypophysectomy  can  be  corrected  also 
by  anterior  lobe  extracts,  and  extracts  have  been  prepared 
which  will  abolish  one  or  other  defect  caused  by  hypophysec- 
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Fig.  10-24  Curves  showing  the  ef¬ 
fect  upon  the  growth  of  rats  of  daily 
injections  of  an  extract  of  the  an¬ 
terior  lobe  of  the  pituitary.  Upper 
curve,  treated  animals:  lower  curve, 
untreated  litter  mate  sisters.  (After 
Evans.) 


I 

Fig.  10-25  Photograph  of 
an  hypophysectomized 
white  rat  (left)  and  its 
normal  litter  mate.  (Aft¬ 
er  Van  Dyke.) 


tomy,  but  leave  the  others  almost  or  quite  uncorrected.  That 
is  to  say,  extracts  more  or  less  pure  in  one  or  other  of  the  pitui¬ 
tary  hormones  as  listed  above  are  now  available.  These  extracts 
are  also  capable  of  causing  their  respective  effects  in  normal 
animals. 

Young  rats  treated  daily  with  a  purified  growth  hormone 
attain  a  size  nearly  double  that  of  untreated  animals  of  the 
same  litter  (Figs.  10-24  ^0'25).  The  characteristic  effect 

of  the  growth  hormone  has  also  been  demonstrated  on  puppies 
(Fig.  10-26). 
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The  thyrotrophic  hormone  (TTH)  exerts  its  effect  upon 
the  thyroid  gland.  An  animal  receiving  an  extract  containing 
this  hormone  shows  marked  hypertrophy  and  increased  activity 
of  the  thyroid  gland  and,  in  consequence,  a  rise  io  the  basal 
metabolic  rate  (Fig.  10-27). 


Fig.  ,10-26  The  effect  of  an  extract  of  the  anterior  lobe  of  the  pitoitarj 
upon  the  growth  of  the  dachshund.  Normal  dog  above^  dog  of  sa.rric 
litter  below,  injected.  (After  Van  Dvke.) 


The  adrenocorticotrophic  hormone  (ACTH)  maintains  the 
functional  activity  of  the  adrenal  cortex.  It  stimulates  the  elab¬ 
oration  and  output  of  cortisone  and  the  other  hormones  of  the 
adrenal  cortex  (see  Fig.  10-28). 

The  gonadotrophic  hormones  are  essentia!  for  the  normal 
development  of  the  gonads  and  for  the  production  of  the  re¬ 
spective  sex  hormones  of  the  male  and  female  animal.  They 

^  ft  has  been  recommended  that  the  siilB.x,  tropk,  derived  from  the  Greek  tmpe 
(a  turning),  be  chan.ged  to  iropkic,  fro,m  the  Greek  irophi  (nourishment),  on  the 
grounds  that  the  latter  more  correctly  expresses  the  action  of  these  pituitary  principles. 
The  ending  tropic  is  used  in  such  words  as  geotropic,  heliotropk,  givcotropic,  etc. 
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will  be  considered  in  the  section  on  the  sex  hormones  (p.  496). 
Prolactin,  which  stimulates  the  secretion  of  milk,  will  also  be 
dealt  with  in  that  section. 

The  diabetogenic  and  gly cotropic  effects  appear  to  be  due  to 
different  principles  in  anterior  lobe  extracts.  A  crude  extract, 


Fig.  10-27  The  thyrotrophic  hormone.  Section  of  thyroid  from  normal 
guinea-pig  on  the  left,  that  of  litter  mate  treated  with  8  mg.  of  anterior 
lobe  substance  on  right.  Note  the  greatly  increased  cellularity  of  the 
latter  and  the  infolding  of  the  follicular  walls.  (After  Van  Dyke.) 

pven  over  a  period  of  days,  produces  a  permanent  diabetes - 
hyperglycemia,  glycosuria,  increased  production  of  urine  (poly¬ 
uria),  thirst,  and  wasting.  The  glycotropic  effect  is  a  tempo¬ 
rary  hypoglycemia  and  glycosuria.  This  action  is  antagonistic 
to  that  of  msulm.  The  effect  upon  carbohydrate  metabolism 
exerted  by  the  anterior  lobe  of  the  pituitary  can  be  demon¬ 
strated  by  the  following  experiments. 

(a)  Hypophysectomy,  by  removing  the  source  of  the  sugar- 
raismg  prmciple,  results  in  a  fall  in  the  blood  sugar,  (b)  Re¬ 
moval  of  the  pancreas  alone  (removal  of  the  source  of  insulin, 
p.  405)  causes  hyperglycemia  and  the  other  signs  of  diabetes, 
but  if  the  pituitary  is  removed  as  well,  little  or  no  rise  in  blood 
sugar  occurs;  there  may,  indeed,  be  hypoglycemia  when,  the 
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antation  of 
ed-hypopii) 

causes  the  appearance  of  the  usual  effects  of  pancreatectomy. 
A  pituitary  extract  with  an  effect  upon  carbohydrate  metabo¬ 
lism,  but  free  from  growth  effects,  has  not  been  prepared.  It 
is  probable  that  the  diabeto¬ 
genic  effect  is  simply  a  mani¬ 
festation  of  the  growth  hor- 


The  ketogenic  effect  is  evi¬ 
dent  when  an  anterior  lobe 
extract  is  injected  into  a  fast¬ 
ing  animal,  or  better,  into 
one  on  a  diet  of  fat,  when 
ketone  bodies  —  acemacciic 
add  and  ^dkydroxybMtyric 

add  —  appear  in  relatively  Sliowieg  effect  of  hypo- 

r-  1  ^  .  i'  pliyscctomv  upon  the. size  of  the 

h  gh  concentration  in_  tfie  Adrenal  AdrLl  from  ao  hypo- 

blood  and  urine.  Associated  phjsectomized  animal  on  die  rights 
wdth  the  ketogenic  effect  are  normal  animal  on  the  lejL 

a  reduction  in  body  fat  and  diat  the  effect  is  exerted  chiefly 

,  .  r  ,  upo,n  the  cortex.  (A,tter  P.  Smith.) 

increase  m  the  fat  of  the  liver. 

The  relationship  between  the  pituitary  and  parathyroid 
glands  is  rather  indefinite,  but  it  does  appear  that  the  master 
gland  exerts  an  influence  upon  the  activity  of  the  parathyroids 
{parathyrotrophic  effect).  The  effect  of  a  crude  anterior  lobe 
extract  upon  the  pancreas  is  more  definite,  and  foliow'ing  the 
administration  of  such  an  extract,  the  growth  of  the  insulin- 
producing  cells  (islands  of  Langerhans,  p.  405)  in  the  pancreas 
is  stimulated.  This  is  the  so-called  pancreotrophic  effect. 

The  physiology  of  the  posterior  lobe.  An  extract  of  the  pos¬ 
terior  lobe  of  the  pituitary  has  been  used  in  medicine  for  a 
number  of  years.  It  is  sold  under  various  trade  names,  e.cr.. 


r§Mt] 


ES 


478  THE  ENDOCRINE  GLANDS 

^^ECiiciIinCj  for,  3II  vessels  ciitsneousj  muscuisr,  coronary 
etc.  — are  constricted  alike,  there  being  no  relationship  be¬ 
tween  its  effects  upon  various  structures  and  those  caused  by 
sympathetic  stimulation. 

b.  Contraction  of  the  smooth  muscle  of  the  uterus,  intestine 
gall-bladder,  urinary  bladder,  and  ureter,  as  well  as  of  that  in 


Fig.  10-29  Showing  the  effect  of  pituitrin  upon  the 
arterial  blood  pressure.  B.P.,  carotid  blood  pres¬ 
sure;  white  square  indicates  the  injection  of  0.5  cc. 
pituitrin.  (After  Herring.) 


the  walls  of  the  follicles  and  ducts  of  the  mammary  gland.  The 
contraction  of  the  uterine  muscle  is  called  its  oxytocic  action. 
The  potency  of  a  posterior  pituitary  extract  is  assayed  by  testing 
its  oxytocic  action  upon  the  excised  uterus  of  a  virgin  guinea 
pig.  It  is  for  this  effect  that  the  extract  is  most  often  employed 
in  medicine,  being  administered  in  the  later  stages  of  labor 
to  stimulate  uterine  contractions.  It  is  also  used  to  stimulate 
the  muscle  of  the  intestinal  wall  and  thus  to  relieve  trouble¬ 
some  abdominal  distention,  especially  after  operation  upon  the 
abdomen.  The  stimulating  effect  of  pituitary  extract  upon 
mammary  tissue  is  called  its  galactogogue  action  (Gk.  gala 
[galac/  —],  milk  -f  agogos,  drawing  forth),  for  it  causes  the 
expression  of  milk  from  the  follicles  and  along  the  ducts  to  the 
surface  of  the  nipple. 
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c.  Reduced  production  of  urine  —  antidiuretic  effect  (p.  308). 

d.  Hyperglycemia,  glucosuria  and  reduction  of  liver  glycogen. 

e.  “  Expansion  ’’  of  the  melanophores  in  the  skin  of  various 
cold-blooded  vertebrates.  The  skin  of  the  frog  is  abundantly 
supplied  with  melanophores.  These  are  irregularly  shaped 


Fig.  10-30  Melanophores  of  frog’s  skin.  A,  folly  expanded;  B,  partiallv 
contracted;  C,  fully  contracted,  i.e.,  collection  of  pigment  at  centers  of 
the  cells.  (Redrawn  from  Hogben.)  Beloiv,  enlarged  views  of  a  ,mela- 
nophore,  expanded  on  me  lejt,  contracted  on  the  right.  The  branching 
processes  arc  invisible  in  the  latter  because  they  contain  no  granules. 


cells  possessing  several  branching  processes  and  granules  of  a 
dark  pigment  (Fig.  10-30).  The  processes  of  adjacent  cells  in¬ 
terlace  with  one  another  to  form  a  rich  network.  The  pig¬ 
ment  at  one  time  may  be  concentrated  near  the  center  of  the 
body  of  the  cell;  the  next  moment  the  granules  may  migrate 
and  fill  the  processes.  In  the  former  event  the  skin  is  pale,  in 
the  latter  it  is  dark.  The  movements  of  the  pigment  granules, 
and  the  consequent  darkening  or  lightening  of  the  skin  depend 
upon  the  illumination  of  the  environment;  thus,  by  changing 
its  color  to  match  its  surroundings,  the  animal  is  rendered  less 
conspicuous  to  its  enemies.  An  injection  of  pituitrin  causes 
the  granules  to  move  into  the  branching  processes,  the  animal 
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then  becoming  a  deep  brown  or  green  (Fig.  10-31).  Hy- 
pophysectomy,  on  the  contrary,  by  removing  the  supply  of  pos¬ 
terior  lobe  principle,  results  in  permanent  pallor  of  the  skin. 


Blinding  the  animal,  as 
by  sealing  its  eyes  with 
wax,  abolishes  the  skin 
responses  so  long  as  the 
eyes  are  closed.  The  skin 
color  remains  unaltered 
in  light  or  shade.  The 
effects  are  evidently  ini- 


Fig.  10-31  Upper  drawmg,  A,  the 
color  of  a  normal  frog.  B,  the  same 
frog  after  the  injection  of  an  extract 
of  the  posterior  lobe  of  the  pituitary. 
(Redrawn  from  Hogben.)  Below, 
the  effect  of  hypophysectomy  upon 
the  color  of  tadpoles.  A,  hypophy- 
sectomized;  B,  normal 


dated  by  light  reflexes, 
and  are  brought  about 
in  the  following  way. 
The  pituitary  secretes  the 
melanophore  -  expanding 
principle  continuously, 
so  long  as  no  light,  or 
light  of  low  intensity, 
falls  upon  the  retina;  the 
skin  is  then  dark.  Ret¬ 
inal  illumination,  on  the 
other  hand,  sets  up  nerve 
impulses  which  suppress 
temporarily  the  pituitary 
secretion;  the  skin  there¬ 
fore  becomes  pale.  Many 
species  of  fish  and  cer¬ 
tain  lizards  and  toads 
possess  a  similar  mecha- 


j  nism  for  altering  the 

depth  of  color  of  their  skins  in  conformity  with  the  illumina¬ 
tion  of  their  immediate  environment.  The  pigment  granules 
in  some  forms  are  red  {erythrophores),  in  others  yellow  (xan- 
thofhores). 


The  several  effects  of  posterior  lobe  extract  are  due,  not  to 
one,  but  to  at  least  three  and  possibly  four,  distinct  principles. 


I 
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A  short  time  ago  two  substances  in  the  form  of  white  powders 
WTre  separated  from  the  relatively  crude  posterior  lobe  extract 
(pituitrin).  These  are  keowm  as  pitressin  and  pitocin  (or  oxy- 
tocm).  The  former  is  vasoconstrictor  (pressor),  intestine- 


Fig.  10-32  An  example  of  giantism.  Father  on  right  and  boy  on  left 
are  of  average  height. 


Stimulating  and  antidiuretic  in  action;  the  latter  contains  the 
uterine-stimulating  (oxytocic)  principle.  Both  raise  the  sugar 
of  the  blood.  The  melanophore-expanding  effect  is  caused 
only  by  pitressin,  though  it  appears  that  this  effect  is  due  to  a 
separate  principle  w4ich  is  merely  associated  as  a  contaminent 
with  pitressin;  there  is  convincing  evidence  that  it  is  a  separate 
hormone  elaborated  by  the  pars  intermedia.  Indeed  pitressin 
and  pitocin  are  far  from  being  pure  substances,  and  it  is  possible 


482  THE  ENDOCRINE  GLANDS 

tiiat  tJie  antidiuretic  effect  of  the  former  is  also  due  to  a  distinct 
hormone. 

Disorders  of  the  pituitary  in  man.  Giantism  and  acromegaly 
—  hyperpituitarism.  The  great  stature  of  those  persons  whom 
one  sees  in  circuses  or  occasionally  reads  about  in  the  daily 
papers,  is  caused  by  overactivity  of  the  anterior  lobe  of  the  pitu¬ 
itary.  Some  of  these  giants  are  between  8  and  9  feet  tall  (Fia. 


Fig.  10-33  Acromegaly.  Left,  at  age  of  25  years,  before  the  onset  of 
the  malady;  right,  years  later.  (After  Cushing.) 

10-32).  Of  course,  general  overgrowth  of  the  skeleton  can  oc¬ 
cur  only  if  the  hyperpituitarism  commences  during  the  natural 
period  of  growth.  Hypersecretion  of  the  growth  hormone  of 
the  pituitary  after  adolescence  does  not  cause  an  increase  in 
stature.  Nevertheless,  the  stimulating  effect  of  the  hormone 
upon  growth  is  seen  in  the  bones  of  the  face,  hands,  and  feet. 
This  condition,  resulting  from  hyperpituitarism  in  adult  life, 
IS  called  acromegaly  (G.  acron,  extremity  -|-  megas  (megal-),' 
arge) ;  the  appearance  of  a  person  suffering  from  it  is  charac- 
tenstic  The  nose  and  lower  jaw,  especially  the  latter,  are  ab¬ 
normally  large  and  prominent,  and  the  forehead  unusually  mas¬ 
sive  (beetlmg)  where  it  ordinarily  forms  a  slight  eminence 
above  the  eye  sockets.  The  skin  of  the  face  is  thick  and  coarse. 
Ihere  may  be  overgrowth  of  hair  upon  the  chest;  in  women 
air  may  appear  upon  the  face.  There  are  often  signs  of  over- 
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production  of  other  hormones  of  the  anterior  lobe  of  the  pitu¬ 
itary,  e.g.,  hyperthyroidism  (thyrotrophic  hormone),  signs  of 
over-stimulation  of  the  sex  functions  (gonadotrophic  hor¬ 
mones),  or  hyperglycemia,  glu- 
cosuria  and  other  diabetic  man¬ 
ifestations  {diabetogenic  princi¬ 
ple).  The  disease  is  gradually 
progressive  (see  Fig.  10-33). 

In  most  instances  a  pituitary 
tumor  composed  of  acidophil 
ceils  is  found  after  death. 

Dwarfs  —  hypopituitarism. 

Deficiency  of  the  anterior  lobe 
secretion  in  childhood  produces 
dwarfism.  There  are  tw'o  main 
types  of  pituitary  d^varf.  In  one 
type  the  diminutive  body  is  of 
normal  proportions,  or  rather, 
shows  the  proportions  of  the 
normal  young  child,  the  head 
being  large,  relatively,  to  the 
rest  of  the  body  (see  Fig.  10-34). 

These  subjects  may  or  may  not 
show'  failure  of  sexual  develop¬ 
ment.  This  variety  of  dw’arf  is 
usually  intelligent,  and  not  un¬ 
attractive  in  appearance;  it  is 
referred  to  as  the  Lorain  type. 

The  midget  of  the  circus  be-  F'g-  10-34  Lorain  type  of  pituitary 
longs  to  this  group  duarf,  age  21  years.  Man  on  the 

In  the  second  type  of  pitui-  ^  ft.  7  in-  (After  Lisser.) 

tary  dwarf  the  chief  features,  other  than  the  stunting  itself,  are 
obesity  and  arrested  sexual  development.  Children  affected  by 
this  pituitary  disorder  are  often  subnormal  mentally,  usually 
lethargic  or  somnolent,  and  have  large  appetites,  especially  for 
sweets.  The  fat  boy  of  Fickunck^  Papers  was  undoubtedly  an 
example  of  this  disorder.  The  condition  is  called  dystrophia 
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adiposo genitalis  or  Frohlich’s  type  of  dwarfism.  Diabetes  in¬ 
sipidus  often  accompanies  this  condition.  It  is  thought  to  be 
diie  to  destructive  disease  involving  the  posterior  lobe  or  the 

base  of  the  brain  in  the  region  of  the 
origin  of  the  pituitary  stalk  (hypo¬ 
thalamic  region),  together  with  de¬ 
ficiency  of  the  growth  hormone  of 
the  anterior  Jobe  (see  Fig.  10-35). 

Essentially  the  same  disorder  oc¬ 
curs  in  adolescents  or  adults  but,  of 
course,  dwarfing  is  absent.  The 
obesity  is  often  extreme;  the  sex 
functions  are  suppressed.  When  it 
occurs  in  the  male,  the  fat  has  a  fem¬ 
inine  distributiop  —  that  is,  over  the 
hips,  thighs,  and  chest;  the  skin  is 
smooth  and  soft ;  the  hair  is  scarce  or 
absent  from  the  face  and  body,  but 
fine  and  plentiful  on  the  head;  such 
persons  tend  toward  effeminacy  in 
temperament  and  disposition  (see 
Figs.  10-36  and  10-37). 

Pituitary  cachexia  or  Simmond’s 
disease.  This  is  a  rare  but  very  grave 
disease  of  the  pituitary,  affecting 
women  more  commonly.  It  is  due 
to  atrophy  of  the  anterior  lobe  occur¬ 
ring  in  early  or  middle  adult  life. 
The  manifestations  of  the  condition 
are  those  of  a  premature  senility. 


Fig.  10-35  Frohhchs 

type  of  dwarfism  (juve¬ 
nile  type  of  dystrophia 
adiposogenitalis.)  (After 
Cushing.) 


^or  example,  a  young  woman  giving  every  appearance  of 
healthy  youth  may  within  five  years  or  so  show  all  those  fea¬ 
tures  which  one  ordinarily  associates  with  old  age.  The  skin 
becomes  dry,  sallow,  and  wrinkled,  the  hair  gray  and  sparse, 
the  body  emaciated,  and  the  sexual  organs  atrophic;  menstrua¬ 
tion  ceases.  The  bones  are  frail  and  appear  to  diminish  gradu¬ 
ally  m  size.  Hypoglycemia  (due  to  deficiency  of  glycotropic 
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principle)  often  occurs.  Mental  changes  ultimately  supervene. 
In  a  large  proportion  of  cases  the  changes  in  the  pituitary 
which  lead  to  this  grave  condition  follow  pregnancy. 


4 


Fig.  10-37  Adiposity  in  a 
female  rat  following  par¬ 
tial  destrnction  of  tlie  pi¬ 
tuitary  by  the  iniection  in¬ 
to  it  of  chromic  acid;  hy- 
pothalanius  alsO''^  probably 
injured.  Litter  mate  nor¬ 
mal  female  rat  on  the 
right,  (After  R  Smith.) 

Fig.  10-36  Dystrophia 
adiposogenitalis  in  a  wom¬ 
an.  (After  Zondek.) 

Diabetes  insipidus.  This  is  the  name  given  to  a  disorder  char¬ 
acterized  by  excessive  thirst  and  the  passage  of  large  quantities 
of  very  dilute  urine.  The  urine  has  a  specific  gravity  of  around 
1001-1002,  and  may  have  a  daily  volume  of  over  20  liters.  The 
disease  is  due  to  a  lesion  involving  any  part  of  the  hypotha- 
lamico-pituitary  mechanism,  namely,  the  hypothalamus,  the 
posterior  lobe  of  the  pituitary,  or  the  nerve  fibers  descending 
from  the  hypothalamus  to  the  posterior  lobe.  Failure  of  the 
secretion  of  the  antidiuretic  principle  of  the  neural  lobe  is  quite 
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porarily  relieves  the  condition.  For  a  period  of  several  hours 
after  a  single  dose  has  been  given  by  hypodermic  injection  or 
sprayed  into  the  nostrils,  the  urine  is  reduced  in  volume  and 
much  less  dilute  (see  also  Chapter  7). 

The  Sex  Glands  or  Gonads 

The  sex  glands  or  gonads  of  the  female  are  called  the  ovaries, 
those  of  the  male,  the  testes  (see  Chapter  14).  The  gonads  are 
also  referred  to  as  the  primary  organs  of  sex.  The  uterus,  Fal¬ 
lopian  tubes,  and  vagina  of  the  female,  and  the  epididymis, 
seminal  vesicles,  prostate,  and  penis  of  the  male,  are  called  the 
accessory  organs  of  sex.  Those  changes  which  make  their  ap¬ 
pearance  at  the  time  of  sexual  maturity  (puberty)  and  which 
in  many  species  distinguish  at  a  glance  the  male  from  the  fe¬ 
male,  are  known  as  the  secondary  sex  characters.  In  the  hu¬ 
man  subject  these  include  the  growth  of  hair  upon  the  pubis 
and  in  the  axillae  of  both  sexes,  the  bass  voice  and  beard  of  men, 
and  the  development  of  the  breasts  of  women.  The  large  comb, 
wattles,  spurs,  and  tail  feathers  of  the  domestic  cock  (rooster), 
and  the  antlers  of  the  stag,  are  other  examples  of  secondary  sex 
characters. 

Excision  of  the  sex  glands,  whether  of  the  male  or  female,  is 
called  castration.  Excision  of  the  female  gonads  is  also  termed 
ovariectomy ,  or  spaying.  The  effects  of  castration  upon  the 
male  have  been  known  from  ancient  times.  When  this  opera¬ 
tion  is  performed  upon  the  male  chicken  (cockerel),  the  sec¬ 
ondary  sex  characters  do  not  appear;  sex  instinct  is  suppressed. 
The  body  weight  of  the  castrated  birds,  which  are  known  as 
capons,  is  greater,  however,  than  that  of  uncastrated  males  of 
the  same  age.  Castration  of  young  stags  prevents  the  develop¬ 
ment  of  the  antlers.  In  bop  who  have  been  castrated  before 
the  age  of  puberty  (a  practice  even  of  the  present  day,  in  cer¬ 
tain  countries),  the  larynx  does  not  develop,  and  the  voice  re¬ 
mains  high-pitched,  the  accessory  organs  of  sex  do  not  mature, 
and  the  secondary  sex  characters  fail  to  appear.  The  operation 
exerts  an  effect  upon  fat  deposition,  the  subjects  tending  toward 
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obesity.  The  proportions  of  the  skeleton  are  also  altered,  the 
bones  of  the  lower  limbs  ten,din-.g  to  be  increased  in  length  rela¬ 
tively  to  the  trunk.  That  the  gonads  are  endocrine  organs  is 
shown  by  the  ract  that  the  effects  of  castration  in  animals  can 
be  prevented  by  grafting  tissue  of  the  excised  gland  into  some 
other  part  of  the  body,  Anv  influence  which  the  transplanted 
tissue  can  then  exert  upon  other  tissues  must,  obviouslv,  be 
solely  through  the  blood  stream. 

The  sexual  phenomena  of  the  matiirc  female.  The  organs 
or  sex  in  both  the  male  and  the  female  animal  mature  at  a  defi- 
rdte  age  winch  vanes  in  diff'erent  species.  At  this  time,  which 
:s  called  puberiy,  the  reproductive  functions  commence.  Sex 
desire  is  aroused  and  mating  occurs.  The  reproductwe  period 
extends  throughout  the  greater  part  of  the  aoimars  life;  it  ends 
with  atrophic  changes  in  the  sex  organs  and  the  gradual  sup¬ 
pression  of  sexual  activity.  In  the  human  species  puberty  oc¬ 
curs  at  from  13  to  15  years  of  age,  being  usually  a  little  earlier  in 
girls  than  in  boys.  The  seconciarv  sex  characters  alreadv  de¬ 
scribed  now  make  their  appearance. 

In  the  majority  of  animal  species,  the  female  will  receive  the 
male  only  at  a  certain  period  or  periods  of  the  year.  These  so- 
called  mating  seasons  are  characterized  by  certain  sexual  phe¬ 
nomena,  which  are  generally  referred  to  bv  animal  breeders  as 
heat  ”  and  by  physiologists  as  estms  (also  spelled  oestrus), 
Estrus,  and  the  sex  phases  immediately  preceding  and  follow¬ 
ing  it,  are  together  referred  to  as  the  estrus  cycle.  The  phase 
preceding  estrus  is  called  proestrus;  that  following  it  postestrus. 
The  changes  during  proestrus  consist  of  sweiling  and  increased 
vascularity  of  the  vulva  and  vagina.  The  oteros  becomes  en¬ 
larged  and  its  glands  hypertrophy.  In  some  animals,  at  this 
time,  bleeding  occurs  from  the  uteres  and  appears  externally. 
The  changes  of  proestrus  are  preparatory  in  nature,  the  female 
organs  being  brought  into  a  condition  suitable  for  the  reception 
of  the  male  and  the  fertilization  of  the  ovum.  The  Graafian 
follicles  in  the  ovary  (p.  713)  are  undergoing  maturation.  Es¬ 
trus  itself  is  the  period  during  w4ich  ovulation  occurs  and  the 
female  wdll  mate.  The  changes  occurring  during  postestrus  are 
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anticipatory  to  the  implantation  of  the  fertilized  ovum  in  the 
uterus.  The  uterine  mucosa  hypertrophies  and  its  glands  show 
increased  secretory  activity.  During  postestrus  the  corpus  lu- 
teum  is  developing.  The  uterine  changes  in  postestrus  resem¬ 
ble  those  taking  place  during  pregnancy  which,  indeed,  are  an 
extension  or  continuation  of  the  former. 

In  a  number  of  animals  the  postestrus  preparation  of  the 
uterus  for  the  implantation  of  the  fertilized  ovum,  i.e.,  for 
pregnancy,  is  a  very  prominent  feature  of  the  est^us  cycle. 


Fig.  10-38  Diagram  of  the  estrus  cycle.  (Modified 
after  Corner.) 


Postestrus  in  such  species  is  therefore  called  pseudopregnancy. 
If  fertilization  of  the  ovum  by  a  sperm  cell  occurs,  the  uterine 
changes  of  postestrus  merge  into  those  of  pregnancy.  If  fertili¬ 
zation  does  not  result,  the  uterus  returns  to  its  resting  state  and 
all  sexual  activity  subsides,  until  the  commencement  (proes- 
tms)  of  the  next  estrus  cycle. 

Some  animals,  such  as  the  dog,  are  called  monestrous,  since 
a  single  estrus  cycle  occurs  in  each  mating  season.  The  term 
anestrus  is  applied  to  the  quiescent  periods  intervening  between 
the  mating  seasons.  In  other  species,  such  as  the  cow,  mouse, 
and  rat,  a  series  of  estrus  cycles  occurs  during  each  mating  sea¬ 
son;  such  animals  are  termed  polyestrous.  The  interval  elaps¬ 
ing  between  any  two  estrus  cycles  is  then  termed  diestrus  and 
the  period  between  mating  seasons,  as  in  the  case  of  monestrous 
animals,  is  called  anestrus. 

The  phases  of  the  estrus  cycle  in  a  monestrous  animal  are 

shown  in  the  scheme  on  the  opposite  page  and  in  Figure  io-:t8 
above.  &  o 


'  ovuiatioii 


.Pregnancy  or  Pseudopregnancy  (postestrus) 


Anestrus 


he  menslrtml  cycle.  Tne  rhvtlmiical  series  of  changes  in 
sex  organs^  which  occurs  about  every  28  days  throughout 
reproductive  life  womens  is  analogous  to  the  estrous  cy- 
3f  lower  animals.  It  is  called  the  menstrual  cycle  (L. 
s,  month).  In  one  phase  of  the  menstrual  cycle  uterine 
iing  occurs.  This  phase  is  referred  to  as  menstruation  or 
icnstrm!  period;  it  has  a  duration  of  from  3  to  5  days, 
ition  occurs  about  midway  between  the  menstrual  pe- 
“Aat  is,  somewhere  between  the  thirteenth  and  seven- 
i  days  following  the  commencement  of  the  bieedin?  ( see 


to  the  estrus  cycle,  the  two  differ  in  this  respect,  that 
which  is  a  prominent  feature  of  the  former,  is  absent 
spicuous  in  the  latter.  It  is  not  possible  to  say  to  what 


during  the  menstrual  cycle. 


gi 
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^asiyon;  the  surface  epithelium  hypertrophies/  The  glands  of 
the  mucous  membrane  elongate  and  show  secretory  actiyity 
The  hypertrophy  of  the  epithelium  and  the  vascular  changes 
are  due  to  the  action  of  estradiol;  the  somewhat  later  glandu¬ 
lar  changes  are  caused  by  progestin.  Should  fertilization  and 
implantation  of  the  ovum  (p.  734)  occur,  the  stimulating  ef- 

OVULATION  MENSTRUATION 


UTERINE  MUCOSA 


BLOOD  CELLS, 
SECRETION  AND 

epithelial 

DEBRIS 


^‘TT  The  uterine  mucosa  is 

epresented  in  the  lower  half  of  the  figure.  Note  the  thickening  of  the 
mucosa,  the  increasing  tortuosity  of  the  vessels  and  glands  as  progestin 
production  increases.  Breakdown  of  the  mucosa  with  menstrual  bleed 
mg  occurs  as  the  corpus  luteum  degenerates  or  retrogresses:  A,  devel- 
oping  Graafian  follicle;  B,  rupture  of  follicle  and  discharge  of  ovum; 
nd  D,  corpus  luteum;  E  and  F,  degeneration  of  corpus  luteum. 


hormones  become  more  pronounced,  and 
merge  with  those  of  the  pregnant  state.  If,  on  the  other  hand, 
theovum  IS  not  impregnated  by  a  male  sex-cell  (spermatozoon 
P-  723),  It  degenerates  as  does  also  the  corpus  luteum.  The  hv- 
P™phied  endometrium  cannot  be  sustained  in  the  absence  of 
^jBtter;  its  epthehum  is  shed,  and  bleeding  (menstruation) 
iipL^TCurs,.  Menstruation,  therefore,  is  the  sign  that  a  fer- 
ovum  has  not  become  implanted  in  the  uterine  mu- 

that  pregnancy  has  not  com- 
from  3  to  5  days  of  menstrual  bleeding,  repair 

the  vascular  and  glan- 
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dular  activities  of  the  endometrium  subside  and  the  uterus  re¬ 
turns  to  the  resting  condition ;  the  menstrual  cycle  is  compietei 

The  first  menstrual  cycle  commences  at  puberty.  Toward 
the  end  of  the  reproductive  period,  the  cycles  become  irregular 
and  finally  cease  at  from  45  to  50  years  of  age;  the  suppression 
of  the  menstrual  cycle  at  this  time  is  cailed  the  menopause. 
This  period  is  accompanied  by  atrophic  changes  in  the  ovaries 
and  the  accessory  organs  of  reproduction.  Psychic  phenomena, 
depression,  or  irritability  are  common  during  this  period.  In¬ 
stability  of  the  vasomotor  system,  causing  sudden  flushing  of 
the  face,  and  a  sensation  of  warmth  —  hot  flushes  —  are  of  fre¬ 
quent  occurrence. 

Ovarian  hormones.  The  phenomena  of  the  estrous  and  men¬ 
strual  cycles,  described  in  the  preceding  section,  are  dependent 
upon  hormones  produced  in  the  ovary.  The  Graafian  follicles 
of  the  ovary  increase  in  size  during  proestrus  (or,  in  the  human 
subject,  in  the  phase  of  the  menstrual  cycle  immediately  fol¬ 
lowing  menstruation)  and  become  filled  with  fluid;  the  ova  en¬ 
large  and  approach  maturity.  A  hormone  called  estradiol  or  the 
follicular  hormone  ''  is  produced  at  this  time  by  the  ceils  lining 
the  follicles.  When  a  follicle  reaches  maturity,  it  ruptures  and 
discharges  the  ovum.  This  event,  called  ovulation,  occurs  in 
animals  during  estrus,  and  in  women  midway  between  the 
menstrual  periods.  The  cells  lining  the  ruptured  follicle  then 
multiply  and  form  a  mass  or  body  called  the  corpus  luteum 
{yellow  body),  for  the  cells  composing  it  contain  a  yellow, 
fatty  material  known  as  lutein.  The  yellow  bodv,  or  corpus 
luteum,  replaces  the  small  blood  clot  which  filled  the  follicle 

Several  substances  closely  similar  chemically  and  possessing  the  phvsiological 
activity  of  the  follicular  hormone  have  been  obtained  from  the  ovaries,  as  well  as 
from  fcrnale  urine  and  other  body  fluids  and  tissues.  Esirone  (also  known  as  thee- 
iin).,  which  differs  from  estradiol  in  chemical  smucture  to  a  minor  extent,  was  form¬ 
erly  thought  to  be  the  naturally  occurring  hormone  produced  by  the  maturing  Graa¬ 
fian  follicle.  Estradiol  has  been  synthesized  and  has  also  been  isolated  in  crystalline 
forin  from  the  urine  of  pregnant  women. 

Estrin  is  an  earlier  term  given  to  the  follicular  hormone  before  its  chemical  struc¬ 
ture  was  folly  known.  It  is  still  in  use  as  a  physiological  term  bur  carries  no  pre¬ 
cise  chemical  meaning.  Estrogen  is  another  name  with  a  purely  physiological  con¬ 
notation;  it  is  applied  to  any  agent,  whether  of  biological  or  other  origin,  which  is 
capable  of  inducing  estrus  and  often  other  effects  of  the  follicular  hormone. 
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DEGENERATING 


Pig.  10-40  Above,  section  of  ovary  showing  fol¬ 
licles  at  different  stages  of  development,  and  two 
degenerating  corpora  lutea.  Below,  enlarged  draw¬ 
ing  of  a  degenerating  corpus  luteum  —  about  5  days 
after  menstruation. 

immediately  after  its  rupture  and  the  discharge  of  the  ovum. 
The  corpus  luteum  is  virtually  a  small  temporary  ductless 
gland  (see  Fig.  10-40  and  p.  493),  for  it  produces  an  internal 
secretion  —  the  hormone  of  the  corpus  luteum.  This  is  more 
commonly  referred  to  as  progestin  or  progesterone.  The  latter 
is  a  chemical  term  and  is  used  more  especially  when  referring 
to  the  hormone  in  pure  crystalline  form. 

Estradiol  is  responsible  for  the  changes  in  the  accessory  or- 
g^s  of  reproduction  during  proestrus  and  estrus,  for  the  psy- 
c  ic  phenomena  of  estrus  and  for  the  development  of  the  sec- 
on  ary  sex  characters  (p.  486)  of  the  mature  female.  It  is 
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Progestin  also  brings  the  mammary  glands  to  full  maturity 
during  pregnancy,  induces  multiplication  of  the  uterine  mus¬ 
cle  fibers  and  inhibits  contractions  of  the  uterus  (see  Chap.  14) 
The  male  hormone  —  testosterone.  In  1929  McGee  ob¬ 
tained  the  male  hormone  in  crude  form  by  the  extraction  of 
bull  s  testes  with  acetone.  This  preparation  was  shown  to 


Fig.  10-41  TJic  effect  of  testis  hormone  (from  urine)  upon  comb 
growth.  Upper  photograph,  capons  which  received  daily  injections 
over  a  period  of  1 5  days.  Lower  photograph,  untreated  control  group. 

(Funk,  Harrow  and  Lejwa.)  ^  ^ 

cause  the  growth  of  the  comb  and  wattles  of  the  castrated  cock¬ 
erel  (capon)  and  to  bring  about  the  normal  development  of  the 
accessory  organs  (penis,  seminal  vesicles,  and  prostate)  of 
castrated  male  rats  (Fig.  10-41).  In  immature  rats  treated 
with  the  extract,  the  accessory  sex  organs  develop  and  sexual 
maturity  is  reached  prematurely.  The  extract  also  stimulates 
the  comb  growth  in  hens  and  inhibits  ovulation. 

More  recently,  the  hormone  has  been  obtained  in  crystalline 
form  from  testicular  tissue.  This  purified  material  is  called  tes¬ 
tosterone,  and  has  the  empirical  formula  C.3H,.oO..  The  hor¬ 
mone  has  also  been  obtained  in  crystalline  form  from  male 
urine.  Chemically,  this  latter  material  differs  slightly  from 
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testosterone  and  has  been  designated  androsterone;  its  activitj 
is  also  much  less  (one  seventh  to  one  tenth)  than  that  of  tes¬ 
tosterone.  The  male  hormone  does  not  appear  in  the  iirine  of 
boys  until  after  the  tenth  year,  but  oddly  enough  it  is  present  in 
the  urine  of  normal  women.  The  male  hormone  belongs,  with 
the  ovarian  hormones,  to  the  class  of  substances  known  as  ster- 
3ids  (p.  408).  Both  testosterone  and  androsterone  hav^-  hten 


uterus,  O/?  nV 


i  cscis  01  nypopnysec- 
iefs;  that  of  norma! 


upon  CiiC  oceriiS,  Uf?  rigm,  roniized  rat  on  iejt;  that  or  norm.a! 
uteros  of  normal  rat:  on  ieji,  that  animal  on  right.  (After  Van 
of  an  hypophysectomized  rat.  (Aft-  Dyke.) 


er  Van  Dyke.) 


synthesized  in  the  laboratory  from  cholesterol.  This  suggests 
the  possibility  that  the  male  hormone  is  formed  in  the  kxiy 
from  this  substance,  which  is  a  constituent  of  nearly  all  animal 


Cells  in  the  interstitial  tissue  of  the  testes  —  the  so-called  cells 
of  Leydig  —  zre  generally  believed  to  manufacture  the  male 
hormone.  That  these  cells  and  not  the  spermatogenic  cells 
(p.  721)  are  responsible  seems  evident  from  the  fact  that  cas¬ 
tration  effec 
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trophic  hormones  stimulates  the  growth  and  maturation  of  the 
Graafian  follicles  in  the  ovary.  Thus  indirectly  this  hormone 
causes  the  production  of  the  follicular  hormone.  It  is  called 
the  follicle  stimulating  hormone  (F.S.H.)  of  the  anterior  pitu¬ 
itary.  The  other  gonadotrophic  hormone  of  the  pituitary  acts 
upon  the  second  phase  of  the  ovarian  cycle,  i.e.,  it  stimulates  the 
growth  of  the  corpus  luteum.  This  hormone  is  known  as  the 
luteinizing  hormone  (L.H.),  or  as  the  lutein  stimulating  hor¬ 
mone  (L.S.H.).  It  therefore,  through  its  stimulating  effect 
upon  progestin  formation,  causes,  indirectly,  the  changes  in  the 
uterine  mucosa  characteristic  of  pseudopregnancy  and  of  the 
corresponding  phase  of  the  menstrual  cycle,  or,  if  pregnancy  en¬ 
sues,  of  the  development  of  the  placenta  (cf.  p.  493).  Both 
gonadotrophic  hormones,  whether  derived  from  female  or  male 
pimitaries,  produce  analogous  effects  upon  the  testes.  The  fol¬ 
licle  stimulating  hormone  acts  upon  the  elements  of  the  testes 
corresponding  to  the  lining  cells  of  the  Graafian  follicles 
namely,  the  spermatogenic  cells.  The  luteinizing  hormone 
acts  upon  the  cells  of  Leydig  (p.  721). 

Removal  of  the  pituitary  is  followed  by  atrophy  of  the  gon¬ 
ads  and,  secondarily,  of  the  accessory  sex  organs  (Figs.  10-42 
and  10-43).  Transplantation  of  tissue  of  the  anterior  lobe  or 
mjections  of  anterior  lobe  extracts  prevent  these  otherwise  in¬ 
evitable  resu  ts  of  hypophysectomy.  The  anterior  lobe  of  the 
pituitary  is  therefore  ultimately  responsible  for  the  sexual  de¬ 
velopment  of  the  male  or  female  animal.  The  phenomena  of 
puberty,  namely,  the  development  and  maturation  of  the  gonads 
Md,  through  the  intermediary  of  the  hormones  liberated  by  the 
atter,  the  growth  of  the  accessory  organs  of  sex  and  the  devel¬ 
opment  of  the  secondary  sex  characters  are  dependent  upon  the 
gonadotrophic  hormones,  ^ 

Jjolactin  the  lactogenic  hormone.  The  anterior  lobe  of  the 
ptuitary  also  liberates  a  hormone  which  stimulates  milk  secre- 

frnml.  V  ^  prolactin.  It  is  obtained 

_  pi  uitary  by  extraction  with  an  acid  solution.  If  the 
pituitary  is  removed  late  in  pregnancy,  only  a  small  quantity  of 
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milk  is  secreted  after  the  young  are  born,  and  the  secretion  soon 
dries  up.  This  hormone  evidently  also  exerts  an  influence  upon 
the  maternal  instinct,  for  hypophysectomized  animals  do  not 
care  for  their  young  like  normal  mothers.  Furthermore,  in¬ 
jections  of  prolactin  arouse  the  maternal  instinct  in  young  vir¬ 
gin  rats;  they  commence  to  build  a  nest  from  straw,  wool,  or 
other  soft  material  which  they  can  gather. 

The  liberation  of  prolactin  from  the  hypophysis  and  its  stim¬ 
ulating  action  on  the  flow  of  milk  coincide  so  closely  with  the 
termination  of  pregnancy  that  curiosity  must  naturally  be 
aroused^  concerning  the  mechanism  underlying  such  accurate 
timing.  Many  details  of  the  highly  complex  mechanism  are 
obscure,  but  it  appears  from  the  great  volume  of  experimental 
work  carried  out  within  recent  years  that  the  immediate  or 
direct  cause  of  the  flow  of  milk  from  the  breasts  is  hormonal 
rather  than  neural  in  nature.  There  is  abundant  evidence  that 
prolactin  is  not  concerned  alone,  but  that  the  galactogogue 
principle  (p.  estradiol,  and  progestin,  a  hormone  of  the 
adrenal  cortex,  and  even  the  thyroid  hormone  also  play  their 
parts.  However,  the  liberation  of  prolactin  from  the  hypophy¬ 
sis  is  initiated  by  nervous  impulses.  The  latter  set  up  in  the 
nipple  by  the  act  of  suckling  and  conveyed  to  the  pituitary 
body  (through  autonomic  nerves)  constitute  probably  the  most 
important  single  nervous  factor  in  inducing  the  production  and 
liberation  of  the  lactogenic  hormone.  Suckling  also  causes  the 
passage  of  the  galactogogue  principle  into  the  circulation.  But 
that  there  are  other  nervous  influences  affecting,  milk  secretion 
can  be  attested  to  by  any  dairyman.  Contentment  of  milking 
cows,  and  even  music  in  the  stable,  facilitates  the  “letting 
down  ”  of  the  milk,  an  effect  which  is  believed  to  be  due,  at 
least  m  part,  to  the  release  of  the  galactogogue  principle  and  the 
resulting  stimulation  of  the  smooth  muscle  in  the  walls  of  the 
milk  follicles  and  ducts.  During  pregnancy  progestin  is  in 


Some  secretion  of  milk  into  the  follicles  of  the  mammary  gland  occurs  before 
the  end  of  pregnancy,  but  as  a  rule,  it  is  not  until  the  uterus  has  been  emptied  that 
milk  api^s  externally.  This  milk  secreted  before  the  birth  of  the  offspring  and 
retained  by  the  gland  is  yellow  in  color  and  creamy  in  consistency;  it  is  known  as 
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high  concentration  in  the  blood,  and  according  to  some  in¬ 
vestigators,  this  depresses  prolactin  production,  but  when,  to¬ 
ward  the  end  of  pregnancy  a  rather  abrupt  reduction  in  the 
blood  content  of  this  hormone  occurs,  prolactin  liberation  fol- 

lows  automatically. 

an.: 

Lcre  milk  Tht  “a  °f,-w-born  infants  of  either  sex  sometimes 

prolactin  in  Jtfan 's  SulaZ^'  Tf 

Lh  circulation  derived  from  the  blood  of  the  mother  before 


The  action  of  prolactin  upon  the  crop  srlands  of  doves  and 


pigeons  is  o£  especial 


THE  SEX  GLANDS  499 

The  actions  of  the  various  hormones  of  the  anterior  lobe  of 
the  pituitary  body  are  summarized  in  Figure  10-44. 

The  hormones  of  the  placenta.  The  placenta  contains  two 
hormones.  One  of  these  is  estrin,  the  other,  called  by  Collip 
iht  anterior  pituitary -like  (A.P.L.)  principle,  acts  upon  the 
ovary,  stimulating  the  growth  of  the  corpus  luteum.  It  also 
stimulates,  though  to  a  slight 
extent,  the  maturation  of  the  ^  ^ 

Graafian  follicles.  The  estrin  \ \^  “  I  S 

found  in  the  placenta  is  appar- 

ently  manufactured  by  this  or-  /o  ' 

gan,  and  does  not  simply  rep-  / 

resent  a  store  of  the  hormone 

produced  by  the  ovary.  This 

conclusion  is  justified  by  the 

observation  that  in  pregnancy  ^  a 

large  quantities  of  the  follicular  fe-'  ■  ^ 

hormone  continue  to  appear  in  ' 

the  urine,  though  the  ovaries  pig.  ,^^5  showing  the  relation  of 
have  been  removed.  A.P.L.  the  thymus  to  the  thoracic  viscera 
also  appears  in  the  urine  of  vessels,  c,  common  ca- 

pregnant  women.  This  fact  Is 
the  basis  for  a  well-known  test 

for  pregnancy.  Two  German  workers,  Aschheim  and  Zondek, 
found  that  the  injection  of  a  small  quantity  of  urine  of  a  preg¬ 
nant  woman  into  a  young  (sexually  immature)  mouse  caused 
within  too  hours  the  following  effects: 

a.  The  onset  of  estrus 

b.  Small  hemorrhages  into  some  of  the  Graafian  follicles 

c.  The  formation  of  corpora  lutea 

The  Aschheim-Zondek  test  for  pregnancy  is  almost  infallible; 
its  error  is  only  about  i  per  cent.  The  close  resemblance  be¬ 
tween  the  effects  of  the  urine  of  pregnancy  and  those  of  the 
gonadotrophic  principles  of  the  pituitary,  led  Aschheim  and 

interest.  These  glands  secrete  a  creamy  material  with  which  the  birds  feed  their 

young.  The  crop  glands  of  virgin  pigeon.s  enlarge  and  secrete  an  abundance  of 
crop  milk  when  injected  with  a  potent  preparation  of  the  lactogenic  hormone. 
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Zondek  to  the  conclusion  that  during  pregnancy  the  pituitary 
prmciples  were  produced  in  excess  and  excreted  in  the  urine. 

It  IS  now  generally  agreed,  however,  that  the  characteristic  ef¬ 
fects  of  the  urine  of  pregnant  women  are  due  to  a  single  sub¬ 
stance,  and  that  it  is  noi  derived  from  the  pituitary,  but  is  the 
anterior  pituitary-like  principle  (A.P.L.)  of  the  placenta. 


LYMPHOCYTES 


CAPSULE 
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Fig.  10-46  Microscopic  section  of  thymus. 


The  Thymus 

The  thymus  lies  behind  the  upper  part  of  the  breastbone  and 
extends  upward  for  a  short  distance  into  the  neck.  Below  it 
hes  m  relation  to  the  base  of  the  heart  and  the  great  vessels 
(hig.  10-45).  It  «  of  relatively  large  size  in  the  infant,  but 
commences  to  sl^mk  at  about  the  age  of  puberty  and,  by  adult 
life,  IS  much  reduced  m  bulk.  The  thymus  is  of  soft  texture 
and  of  a  pale  pink  color.  On  dissection  it  is  seen  to  consist  of 
wo  zones  (  ig  10-46).  The  outer  zone  or  ror/ex  is  composed 
of  cells  resembling  lymphocytes;  the  inner  zone  contains  pe- 
cu  ar  bodies  called  HassdVs  corpuscles,  formed  of  epithelial- 
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like  cells  arranged  concentrically  around  a  mass  of  granular 
cells. 

Many  functions  have  been  attributed  to  the  thymus.  Though 
proof  is  lacking,  it  is  concerned  in  all  probability  with  the 
production  of  lymphocytes.  The  structure  of  the  cortical  por¬ 
tion  of  the  organ  suggests  such  a  function.  Several  endocrine 
functions  at  one  time  or  another  have  been  attributed  to  it,  but 
most  of  the  theories  which  have  been  advanced  are  based  more 
upon  conjecture  than  upon  fact. 


Fig.  10-47  Diagram  to 
show  position  of  the  pin¬ 
eal  gland.  r,  cerebral 
hemisphere;  2,  corpus  cal¬ 
losum;  3,  pineal;  4,  3rd 
ventricle  of  the  brain;  5, 
optic  chiasma;  6,  pitui¬ 
tary;  7,  pons;  8,  midbrain. 

The  Pineal  Body 

The  pineal  is  a  small  body  lying  deep  in  the  brain  under  the 
shelter  of  the  posterior  extremity  of  the  corpus  callosum  (P..584; 
see  also  Fig.  10-47).  Though  its  structure  suggests  the  possibil¬ 
ity  that  is  serves  some  endocrine  function  there  is  no  reliable 
evidence  that  such  is  the  case. 


Chapter  11 

THE  PHYSIOLOGY 
OF  NERVE  AND  MUSCLE 


The  structure  of  the  nerve  fiber.  A  nerve  fiber  is  the  elon¬ 
gated  extension  of  a  nerve  cell  whose  body  is  situated  in  the 
central  nervous  system  (brain  or  spinal  cord),  or  in  an  out- 
ying  ganglion  (of  the  sympathetic  gangliated  cord  or  of  a 
posterior  spinal  nerve  root).  (See  also  Chap.  12.)  Some  nerve 
fibers  transmit  messages,  e.g.,  of  touch,  pain,  sound,  light,  etc. 
from  the  periphery  to  conscious  centers  and  give  rise  to  the 
mspective  sensations.  They  are,  therefore,  sensory  in  function 
Utfiers  carry  messages  to  the  muscles,  causing  them  to  con¬ 
tract,  t  ese  are,  therefore,  called  wotor  nerve  fibers.  Certain 
nerves  are  composed  entirely  of  sensory  fibers;  some  contain 
only  motor  fibers;  others  again  contain  both  types  of  fiber, 
and  are  called  mixed  nerves  (see  also  Fig.  12-2,  p.  559).  The 
perip  eral  nerves  — that  is,  the  nerve  trunks  distributed  to 
the  various  parts  of  the  body  — are  constituted  of  nerve  fibers, 
often  in  great  numbers,  bound  together  into  bundles.  Each 
nndle  is  surrounded  by  a  connective  tissue  sheath  called  the 

SatT'”'  K?'  in  turn  and 

separated,  each  from  its  neighbor,  by  a  thin  covering  of  con¬ 
nective  tissue  known  as  the  endoneurium.  Finally^  the  en- 

tures^'bra  embedded  among  oLr  struc- 

“^nective  tissue  sheath  called  the  efineurium 

(.see  fiigs.  ii-i  and  11-2).  ^ 

“'r*'  “«ted  by  the  nerve  fiber  is  called  the  nerne 
mfulsc,  IB  nature  will  engage  our  attention  later. 
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The  nerve  fiber,  then,  whether  in  a  peripheral  nerve  or  in  the 
central  nervous  system  itself,  is  the  conducting  unit  of  the  nerv¬ 
ous  system,  and  may  be  compared  to  a  single  wire  in  an  elec¬ 
tric  cable  or  in  the  central  exchange  of  a  telephone  system. 
Nerves  which  transmit  impulses  from  the  periphery  to  the 
nerve  centers  are  called  afferent;  those  which  transmit  im¬ 
pulses  in  the  opposite  direction  are  called  efferent. 
course,  all  sensory  nerve  fibers  are  aSerent,  but  not  all  afferent 


Fig.  Ti-i  Cross  section  o£  a  small  nerve.  The  myelin  sheaths  are 
stained  with  osmic  acid  so  that  the  individual  fibers  appear  as  black 
circles. 


fibers  arc  sensory,  for  some  transmit  impulses  which  make  no  ^ 
impression  upon  consciousness  —  they  arouse  no  sensation. 
Similarly,  all  motor  fibers  are  efferent,  but  not  all  efferent  fibers 
are  iiLQtsr,  since  certain  fibers  of  the  autonomic  nervous  system 
terminating  in  glands  are  secretory  in  function. 

Each  fiber  entering  into  the  composition  of  the  peripheral 
nerves  consists  of  a  delicate  filament  of  protoplasm  —  the  axis 
cylinder -- tmht2Xhtd  by  a  layer  of  fatty  material  called  my¬ 
elin. 

Those  nerve  fibers  which  possess  a  sheath  of  this  fat-like 
substance,  and  they  constitute  the  great  majority  comprising 
the  tracts  in  the  central  nervous  system  and  in  the  peripheral 
nerves,  are  called  myelinated  or  medullated  fibers.  Fibers 
which  have  no  myelin  sheath,  such  as  the  postganglionic  fibers 
of  the  autonomic  nervous  system,  are  called  amyelinated  or 
nonmedullated  fibers. 

The  layer  of  myelin  enveloping  the  axis  cylinder  —  the  my- 
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NUCLEUS 


-NEURILEMMA 
-  MYELIN  SHEATH 

-AXIS  CYLINDER 
-NODE  OF  RANVIER 


elm  sheath  —  is  enclosed,  in 
turn,  by  a  very  thin  trans¬ 
parent  nucleated  membrane 
known  as  the  neurilemma 
or  sheath  of  Schwann.  The 
myelin  sheath  is  interrupted 
at  regular  intervals;  at  these 
points  the  neurilemma  dips 
sharply  toward,  and  comes 
almost  into  contact  with,  the 
axis  cylinder.  These  inter¬ 
ruptions  give  the  impression 
of  a  series  of  equally  spaced 
constrictions  along  the  nerve 
liber;  they  are  called  the 
nodes  of  Ranvier.  The  axis 
cylinder  contains  a  number 
of  fine  thread-like  strands 
known  as  neurofibrils  which 
run  thiroughout  its  length 
(see  also  p.  557).  The  endo- 
neuriiiiiij  nientioiied  on  page 
502,  encloses  the  nerve  fiber, 
lying  immediately  outside 
the  neurilemma. 

The  myelin  sheath  is  be¬ 
lieved  by  some  to  serve  to 
insulate  the  fiber  from  its 
neighbors,  and  thus  to  pre- 
£  ,  .  vent  the  passage,  crosswise, 

fiber.  Others  consider  that  it 
IS  chiefly  nutritive  in  function,  and  that  its  metabolic  proc¬ 
esses  are  closely  related  to  those  of  the  axis  cylinder.  There  is 
no  satisfactory  evidence  to  support  either  of  these  ideas.  The 
myelinization  of  nerve  fibers  is  a  progressive  process  and  does 
not  occur  simultaneously  in  the  various  types  of  nerve.  It  is  not 
complete  at  birth;  its  completion  appears  to  coincide  with  the 


Fig-  1 1-2  Drawing  to  show  the 
structure  of  a  nerve  fiber,  in  longi¬ 
tudinal  section  and  in  cross  section 

at  two  levels. 
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establishment  of  function.  The  tracts  of  the  cord  supplying 
voluntary  nerve  fibers  to  the  lower  limbs,  for  example,  are  not 
fully  myelinated  in  infants  until  about  the  second  year,  or  about 
the  time  that  the  child  has  learned  to  walk.  The  association 
tracts  of  the  brain  are  myelinated  still  later,  whereas,  myelina- 
tion  of  the  sensory  tracts  of  the  cord  occurs  early  (fourth 
month)  in  fetal  life. 

Nuclei  are  to  be  seen  in  the  neurilemma  at  fairly  regular  in¬ 
tervals,  one  to  each  section  of  nerve  between  the  nodes  of  Ran- 


Fig,  1 1-3  Degenerating  nerve  fiber  two  days  after  section.  A,  end  of 
proximal  segment  of  nerve;  B,  drops  of  myelin  derived  from  the  myelin 
sheath;  C,  nucleus  of  neurilemma;  D.  neurilemma. 


vier.  The  sheath  of  Schwann  is  absent  from  the  fibers  of  the 
central  nervous  system  and  from  the  fibers  of  the  optic  nerve. 
Its  presence  is  absolutely  essential  for  the  regeneration  of  an 
interrupted  nerve  fiber  (p.  507) ;  fibers  in  the  situations  men¬ 
tioned,  therefore,  once  their  continuity  has  been  destroyed  as 
a  result  of  disease  or  mechanical  injury,  are  never  restored. 

Degeneration  of  nerve.  Since  the  nerve  fiber  is,  as  just  men¬ 
tioned,  simply  the  elongated  process  of  a  nerve  ceil,  its  nutri¬ 
tion  depends  upon  its  remaining  a  part  of  the  cell.  When, 
therefore,  a  nerve  fiber  is  divided  or  crushed,  degenerative 
changes  begin  almost  at  once  in  the  section  distal  to  (i.e.,  on  the 
side  away  from  the  body  of  the  cell)  the  point  of  injury.  These 
changes,  as  they  occur  in  a  peripheral  nerve,  were  first  de¬ 
scribed  by  Waller,  a  physiologist  of  the  last  century,  and  are 
usually  referred  to  as  Wallerian  degeneration.  The  first  altera¬ 
tion  in  the  fibers  of  the  nerve  appears  within  24  hours  after  the 
injury^  The  neurofibrils  in  the  axis  cylinder  become  wavy  or 
tortuous,  and  then  break  up  into  sections.  Next  the  myelin 
sheath  swells  and  droplets  of  myelin  appear  (Fig.  11-3).  The 
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myelin  itself  undergoes  decomposition  into  its  constituents  — 
fatty  acids,  etc.  Finally,  usually  within  two  or  three  weeks 
following  the  injury,  the  debris  resulting  from  the  degenerative 
process  is  cleared  away,  nothing  remaining  of  the  nerve  fiber 
but  an  empty  tube  —  the  neurilemma.  The  nerve  fiber  on  the 
proximal  side  of  the  point  of  division  (i.e.,  on  the  side  toward 
the  nerve  cell)  also  degenerates  as  far  as  the  first  node  of  Ran- 
vier,  and  even  the  body  of  the  cell  itself  may  show  degenerative 
changes  {retrograde  degeneration),  consisting  of  disappearance 
of  the  Nissl  bodies  (p.  558)  and  shrinkage  of  the  nucleus. 

The  degenerative  changes  just  described  are  readily  detected 
by  treating  the  tissue  with  a  suitable  stain  and  examining  thin 
sections  of  it  beneath  the  microscope.  Most  of  the  knowledge 
which  we  possess  of  the  origin  and  course  of  the  various  fiber 
tracts  in  the  brain  and  cord  (Chapter  12)  has  been  gained  from 
experiments  upon  animals  in  which  the  method  of  section  and 
degeneration  has  been  employed,  or  from  the  examination  of 
nervous  tissue  of  subjects  who  have  died  of  certain  nervous 
diseases  which  have  caused  the  degeneration  of  nerve  fibers. 
The  location  of  the  degenerative  changes  following  experi¬ 
mental  injury  to  fibers  in  one  or  other  part  of  the  brain  or  cord, 
or  resulting  from  disease,  indicates  the  direction  from  which  the 
affected  fibers  originated.  For  example,  if  after  section  of  a 
fiber  tract  in  the  cord  degeneration  occurs  above  the  point  of 
section,  the  cell  bodies  of  the  sectioned  fibers  must  be  situated 
below.  Also,  by  destroying  a  group  of  nerve  cell  bodies  in  one 
or  other  situation  and  examining  tissue  taken  from  different 
parts  of  the  nervous  system  for  degenerative  changes,  the  course 
taken  by  the  fibers  of  the  injured  cells  can  be  traced  (see  also 
left-hand  cut  Fig.  12-16,  p.  578). 

Degeneration  of  the  peripheral  nerves  may  result  from 
causes  other  than  mechanical  injury.  Peripheral  nerve  degen¬ 
eration  is  seen  in  poisoning  by  certain  chemicals  (e.g.,  lead),  in 
vitamin  deficiency  (A  and  Bi),  and  in  certain  nervous  diseases 
(e.g.,  anterior  poliomyelitis  which  causes  the  destruction  of 
nerve  cells  in  the  spinal  cord).  It  is  most  important  in  such 
conditions,  or  following  mechanical  injury  to  a  nerve  trunk. 
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to  have  some  means  of  detecting  the  presence  of  degeneration, 
and  of  determining  the  extent  to  which  the  degenerative  proc¬ 
ess  has  progressed.  Such  information  is  afforded  by  testing  the 
affected  nerve  or  nerves  with  an  electrical  current.  The  cur¬ 
rent  is  applied  to  the  skin  overlying  the  motor  nerve  trunk. 
When  the  nerve  is  completely  degenerated  it  fails  to  respond 
(as  shown  by  the  absence  of  a  contraction  of  the  muscle)  to 
either  the  faradic  (interrupted)  or  to  the  galvanic  current. 
When  the  current  is  applied  directly  over  the  muscle,  a  slug- 


Fig.  1 1-4  Regenerating  nerve  fiber.  A,  neurilemma;  B,  proximal  seg¬ 
ment  of  nerve  fiber  showing  bulbous  end;  C,  neurofibrils-  which  have 
sprouted  from  the  end  of  the  original  fiber.  (After  Ranvier,  redrawn.) 

gish  response  is  obtained  with  the  galvanic  current,  but  none 
with  the  faradic.  These  abnormal  responses  of  the  nerve  and 
muscle  to  electrical  stimulation  constitute  the  reaction  of  de¬ 
generation. 

Nerve  regeneration.  Provided  that  the  two  ends  of  a  divided 
nerve  are  not  too  widely  separated,  the  continuity  of  most  nerves 
ultimately  becomes  restored  —  the  nerve  is  said  to  have  under¬ 
gone  regeneration.  The  neurofibrils  of  the  proximal  section  of 
the  nerve  fiber  (i.e.,  the  part  extending  from  the  cell  body  to 
the  point  of  section)  grow  distally  and,  entering  the  empty 
neurilemmal  tube  of  the  degenerated  fiber,  gradually  extend 
throughout  its  entire  length  (Fig.  11-4).  The  neurofibrils  later 
become  embedded  in  a  ground  of  protoplasm.  Thus,  a  new 
axis  cylinder  is  formed.  The  rate  of  growth  of  the  axis  cylin¬ 
der  varies  in  different  types  of  nerve  from  0.25  to  2.5  milli¬ 
meters  per  day.  A  myelin  sheath  is  formed  later,  and  finally 
the  function  of  the  nerve  may  be  completely  restored.  The 
sprouting  neurofibrils  sometimes  cross  a  gap  of  several  milli¬ 
meters  separating  the  two  segments  of  the  nerve  —  a  truly  re- 
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markable  phenomenon.  The  force  or  influence  which  directs 
or  attracts  them  into  their  proper  channels  is  unknown.  A 
neurilemma  is  absolutely  necessary  for  the  regeneration  process. 
The  fibers  of  the  central  nervous  system,  and  of  the  optic  and 
auditory  nerves,  which  do  not  possess  neurilemma!  sheaths,  are 
incapable  of  regeneration  after  interruption  of  their  continuity, 
whether  this  has  been  caused  by  disease  or  mechanical  injury. 

The  regeneration  of  nerve  fibers  makes  possible  the  junction 
by  operation  of  one  nerve  with  another.  In  facial  paralysis,  for 
example,  the  power  to  move  the  muscles  of  the  face  can  be 
restored  by  suturing  the  proximal  end  of  a  sectioned  hypo¬ 
glossal  nerve  to  the  distal  end  of  the  degenerated  facial  nerve. 
The  latter  nerve  is  regenerated  by  the  growth  of  neurofibrils 
which  grow  down  the  empty  tube  formed  by  the  neurilemma 
of  the  degenerated  facial  nerve.  If  the  operation  has  been  suc¬ 
cessful  and  the  neurofibrils  have  reached  the  facial  muscles,  the 
patient,  after  a  period  of  re-education,  can  control  the  move¬ 
ments  of  the  previously  paralyzed  side  of  the  face. 

The  physiological  properties  of  the  nerve  fiber.  Excitability 
and  conductivity  are  the  outstanding  properties  of  the  nerve 
fiber.  Though  many  living  tissues  possess  these  properties, 
they  are  developed  to  the  highest  degree  in  nerve.  When  the 
nerve  fiber  is  stimulated  by  means  of  an  electric  shoc\,  me¬ 
chanically,  as  by  a  pinch,  thermally,  as  by  the  application  of  a 
heated  glass  rod,  or  chemically,  as  by  touching  it  with  a  crystal 
of  common  salt,  a  disturbance  is  set  up  at  the  point  of  stimula¬ 
tion  which  is  called  the  local  excitatory  state.  If  the  stimulus 
is  sufficiently  strong  to  raise  the  latter  to  a  certain  critical  value, 
a  disturbance  spreads  at  high  velocity  along  the  nerve.  This 
propagated  disturbance  or  wave  of  excitation,  set  up  by  stimu¬ 
lating  the  nerve  fiber,  is  called  the  nerve  impulse. 

When  a  constant  (galvanic)  current  of  moderate  strength, 
such  as  that  derived  from  an  ordinary  dry  cell,  is  used  as  a 
stimulus,  it  is  found  that  excitation  of  a  nerve,  muscle,  or  other 
excitable  tissue  occurs  at  the  instant  that  the  current  is  closed, 
and  again  when  the  current  is  opened.  Though,  of  course,  the 
current  continues  to  flow  during  the  intervening  period,  it  does 
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not  excite  the  tissue,  provided  that  its  intensity  remains  un¬ 
changed.  The  closmg^  or  making  current  (^m?k:e  ^ock)  causes 
excitation  of  the  nerve  or  muscle  at  the  cathode  —  that  is,  at 
the  point  where  the  current  leaves  the  tissue.  The  opening  or 
breaking  current  (break  shock)  causes  stimulation  at  the  anode 
—  that  is,  where  the  current  enters  the  tissue  (see  Fig.  11-5). 
The  stimulus  caused  by  making  the  current  is  the  stronger  of 
the  two,  so  that  when  the  current  strength  is  gradually  reduced 


a  point  is  reached  at  which  a  response  occurs  only  with  a  make 
shock. 

Electrotonus.  The  passage  of  a  constant  current  through  a 
nerve  causes  changes  in  excitability  and  conductivity  of  the 
nerve  fibers.  These  effects  are  generally  referred  to  as  electrot¬ 
onus.  When  the  current  is  “  made  ”  both  these  properties  of 
the  nerve  are  increased  in  the  region  of  the  cathode;  whereas 
they  are  depressed  in  the  region  of  the  anode.  The  changes 
produced  at  cathode  and  anode  are  called,  respectively,  catelec- 
trotonus  and  anelectrotonus.  The  effects  are  reversed  when  the 
current  is  “  broken,”  a  momentary  enhancement  of  excitability 
and  conductivity  occurring  at  the  anode  and  depression  of  these 
properties  supervening  at  the  cathode.  It  has  been  mentioned 
above  that  with  a  moderately  strong  current,  excitation  of  the 
nerve,  which  may  be  made  evident  by  using  a  nerve  attached 
to  its  muscle,  causes  excitation  with  both  make  and  break 
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shocks  but,  upon  gradual  reduction  in  the  strength  of  the  curr 
rent,  a  point  is  reached  v^hen  excitation  occurs  only  at  the  make.  " 
If,  hov^ever,  the  current  is  very  strong,  and  the  electrodes  are 
so  placed  upon  the  nerve  that  the  cathode  is  nearer  to  the  mus¬ 
cle  than  is  the  anode  —  that  is,  the  current  is  descending  in  the 
nerve  toward  the  muscle  (see  Fig.  ii-6) — excitation  also  oc- 
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Fig.  1 1-6  Diagram  of  a  nerve-muscle  preparation  illustrating  electrot¬ 
onus;  arrows  indicate  the  direction  of  the  current  —  ascending  or  de¬ 
scending  from  or  to  the  muscle.  Shortening  and  thickening  of  the 
muscle  indicate  its  contraction.  Hatched  area  on  nerve  near  the  mus¬ 
cle  in  the  second  and  third  sketches  represent  blocking  of  the  nerve  as 
described  in  the  text 


curs  only  on  the  “  make  ”  because  on  the  “  break  ”  the  depressed 
conductivity  at  the  cathode  blocks  the  impulse  initiated  at  the 
anode.  If  on  the  other  hand  the  electrodes  are  reversed  —  that 
is,  the  current  is  ascending  in  the  nerve  from  the  muscle  —  ex¬ 
citation  occ^rs^^ly  on  the  “  break,”  for  the  impulse  arising  at 
the  cathode|ifb3ocked  by  the  depressed  conduction  at  the  anode 
occurring  on  the  “  make  ”  of  the  current  (see  Table  24). 

The  qualities  of  a  stimulus.  The  prime  factors  in  excitation 
of  nervous  or  muscular  tissues  intensity,  rate  of  change,  and 
of  the  stiihulus. 
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TABLE  24 


Strength 
of  current 

Descending 

current 

Ascending^ 

current 

i  Make 

Break 

Make 

Break 

Very  weak . 

e 

0 

c 

0 

Moderate . 

c 

c 

c 

Very  strong . 

1.  Intensity  or  strength  of  the  stimulus.  An  electric  shock, 
which  is  the  most  convenient  and  commonest  type  of  stimulus 
used  in  the  laboratory,  must  be  of  a  certain  minimal  voltage. 
The  electrical  stimulus  whose  voltage  is  just  sufiEcient  to  excite 
is  said  to  be  of  threshold  or  liminal  strength.  A  stimulus 
weaker  than  this  is  called  subthreshold  or  subliminal. 

2.  The  rate  of  change  in  the  intensity  of  a  stimulus.  An 
electrical  stimulus  which  is  just  capable  of  exciting  the  nerve 
when  its  intensity  increases  rapidly,  may  be  quite  ineffective  if 
it  reaches  its  maximum  value  more  gradually.  In  order  to  be 
effective  at  the  slower  rate  of  change  the  strength  of  the  current 
must  be  increased.  In  other  words,  the  threshold  of  excitation 
rises  as  the  rate  of  increase  in  the  current  strength  diminishes. 
This  relationship  between  the  threshold  of  excitation  of  the 
nerve  and  the  rate  of  change  in  intensity  of  the  stimulus  is  re¬ 
ferred  to  as  accommodation.  Rate  of  change  is  a  factor  of  just 
as  great  importance  in  other  types  of  stimulation.  We  are  all 
familiar  with  the  fact  that  changes  in  the  environment,  whether 
of  temperature,  sound,  or  movement,  are  more  likely  to  be  ef¬ 
fective  stimuli  if  they  occur  suddenly. 

3.  Duration  —  chronaxie.  Since,  as  mentioned  above,  a  con¬ 
stant  current  excites  only  at  the  make  and  break,  though  the 
current  continues  to  flow  in  the  intervening  period,  it  had  been 
thought  that  the  duration  of  a  current  played  no  part  in  excita¬ 
tion.  But  it  is  known  now  that  the  current  must  flow  for  a 
certain  minimal  time,  measured  in  thousandths  of  .seconds,  m 
order  to  excite.  That  is  to  say,  if  the  time  elapsing  between  the 
make  and  break  of  the  current  is  too  short  the  tissue  is  not 


5I2  THE  PHYSIOLOGY  OF  NERVE  AND  MUSCLE 

excited,  no  matter  how  strong  the  current  may  be.  Thus,  al¬ 
ternating  currents  of  very  high  frequency  but  having  a  strength 
of  several  thousand  volts,  do  not  stimulate  when  passed  through 
the  body. 

The  length  of  time  during  which  a  current  must  flow  in  order 
to  excite  a  nerve  or  muscle  varies  with  the  strength  of  the  cur¬ 
rent,  the  time  being  shorter  with  a  strong  than  with  a  weak 
current.  The  excitability  of  a  given  nerve  or  other  tissue  may 


Fig.  1 1-7  Strength-dura- 
tion  curve.  The  chronaxie 
is  the  time  interval  marked 
by  the  intersection  of  the 
vertical  interrupted  line 
with  the  upper  horizontal 
line,  the  latter  represent¬ 
ing  a  strength  of  current 
twice  the  rheobase.  The 
chronaxie  value  in  this 
instance,  as  indicated  by 
Duration  (Seconds)  the  arrow,  is  ,002  sec. 

be  measured  by  determining  the  minimal  intensity  of  a  current 
which,  if  allowed  to  flow  for  an  indefinitely  long  period,  will 
excite  —  that  is,  the  time  factor  is  not  considered.  On  the  other 
hand,  the  excitability  can  be  measured  by  using  a  current  of  a 
standard  strength,  and  determining  the  minimal  time  during 
which  it  must  flow  in  order  to  excite.  The  current  of  a  strength 
just  sufficient  to  excite,  but  of  indefinitely  long  duration,  is 
called  the  rheobase.  A  current  of  double  this  strength  is  then 
employed  as  the  standard,  and  the  minimal  duration  for  excita¬ 
tion  measured.  This  time  factor  is  called  the  chronaxie  of  the 
tissue  in  question.  In  other  words,  chronaxie  is  a  measure  ex¬ 
pressing  the  shortest  duration  for  excitation  of  a  current  having 
a  strength  twice  the  rheobase  (Fig.  11-7). 

The  chronaxies  of  the  different  types  of  excitable  tissue,  and 
of  nerves  and  muscles  of  the  different  species,  as  well  as  of  the 
same  species  show  very  wide  variation,  namely,  between  o.i  and 
100  milliseconds  (thousandths  of  seconds).  The  chronaxie  of 
the  muscles  of  the  human  arm,  for  example,  is  around  o.i  mil- 
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lisecond,  whereas  that  of  the  smooth  muscle  of  the  frog’s  stom¬ 
ach  is  about  100  milliseconds.  The  chronaxie  of  the  human 
sciatic  nerve  is  about  0.3  milliseconds  (see  Table  25,  p*  5^4)* 
Rapidly  acting  tissues,  such  as  voluntary  muscle,  have  shorter 
chronaxies  than  the  more  slowly  acting,  such  as  smooth  muscle. 
The  tissues  of  warm¬ 
blooded  animals  have,  in 
general,  shorter  chronaxies 
than  those  of  cold-blooded 
species.  The  chronaxies 
of  thick  nerve  fibers,  which 
conduct  at  high  velocity, 
are  shorter  than  those  of 
fibers  of  smaller  diameter 
and  slow  conduction.  A 
nerve  and  the  muscle 
which  it  supplies  have 
chronaxies  of  nearly  the 
same  value,  and  certain 
drugs  —  such  as  curare  — 
which  paralyze  voluntary 
muscle,  are  believed  by  some  to  cause  their  effect  by  increasing 
the  disparity  between  the  chronaxie  values  of  the  muscle  and 
its  nerve. 

Electrical  changes  in  nerve.  The  nerve  impulse  is  accom¬ 
panied  by  a  change  in  electrical  potential.  Any  part  of  a  nerve 
in  the  excited  state  is  electrically  negative,  relatively,  to  all  other 
parts  of  the  nerve.  The  excited  part  is  as  the  negative  pole 
(copper)  of  a  battery;  any  inactive  part  corresponds  to  the  posi¬ 
tive  pole  (zinc).  If,  therefore,  a  pair  of  electrodes  are  in  con¬ 
tact,  one  with  an  excited  part  of  the  nerve,  the  other  with  a 
resting  part,  and  the  two  electrodes  connected  through  a  sensi¬ 
tive  electrical  recording  apparatus,  a  current  flows  and  causes 
a  movement  of  the  indicator  of  the  instrument.  The  direction 
taken  by  the  current  is  from  the  unexcited  part  of  th?  nerve 
(-f)  to  the  excited  part  ( — ),  through  the  instrument,  and 
from  excited  to  unexcited  part  through  the  nerve.  Thus,  the 


jury  (B).  I,  galvanometer;  2,  stim¬ 
ulus;  3,  injured  part  of  tissue  (see 
text). 
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electrical  circuit  is  completed  (see  Fig.  ii-8  A).  A  similar  elec¬ 
trical  phenomenon  occurs  in  muscle  and  other  excitable  tissue 
—  any  active  region  of  a  tissue  being  relatively  negative  to  an  in¬ 
active  region. 


Species 

TABLE  25 

Structure 

Chronaxie 

(milliseconds) 

Man . 

Flexors  of  arm 

0.08-0.16 

Extensors  of  arm 

0.16-0.32 

Retina 

1.2 

Vestibular  nerve 

14-22 

Sciatic  nerve 

0.3 

Dog . 

Muscle  of 

ventricle  of  heart 

2.0 

Auriculoventric- 
ular  bundle 

6.0 

Frog . . . . 

Stomach 

100 

Gastrocnemius 

muscle 

0.3 

Ventricular 

muscle 

9.0 

Crab . . 

.  Muscle  of  claw 

12 

The  current  thus  set  up  in  excited  tissue  is  called  the  action 
current.  Injured  nerve  or  other  tissue  is  also  relatively  negative 
to  healthy  tissue;  the  current  set  up  when  the  injured  and  un¬ 
injured  sections  of  the  tissue  are  connected  by  a  conductor  is 
called  the  current  of  injury  or  demarcation  current  (see  Fiff 

II-8B).  ^ 

As  we  have  seen,  the  excited  state  —  the  nerve  impulse  — 
travels  rapidly  over  the  nerve  fiber.  By  placing  electrodes  upon 
a  length  of  nerve,  and  connectmg  them  with  a  sensitive  elec¬ 
trical  apparatus,  such  as  the  string  galvanometer,  or  with  an 
amplifier  and  cathode  ray  oscillograph  it  is  possible  to  detect 
the  passage  of  nerve  impulses,  whether  these  are  set  up  by  arti¬ 
ficial  stimulation  or  occur  naturally.  By  means  of  special  pho- 
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tographic  apparatus  a  permanent  record  of  the  action  currents 
can  be  obtained  (see  Fig.  11-9),  and  their  velocity  and  magni¬ 
tude  determined.  For  example,  if  the  electrodes  are  placed 
upon  two  uninjured  parts  of  a  nerve,  and  one  end  of  the  nerve 
stimulated,  the  impulse  when  it  reaches  the  first  electrode 
causes  this  to  be  relatively  negative  to  the  second  electrode. 


Fig.  1 1-9  Showing  the  production  and  recording 
of  a  diphasic  action  current  (see  text).  Stippled 
area  indicates  wave  of  contraction. 


The  indicator  of  the  electrical  recording  apparatus  swings  away 
from  the  zero  position.  This  causes  a  stroke  to  be  inscribed 
above  the  base  line  in  the  photographic  record  (Fig.  11-9  A). 
When  the  impulse  passes  from  beneath  the  first  electrode,  but 
has  not  yet  reached  the  second  (i.e.,  the  nerve  beneath  each 
electrode  is  inactive  and  so  of  equal  electrical  potential),  the 
indicator  of  the  instrument  returns  to  zero  and  a  downstroke 
is  inscribed  in  the  record  (see  Fig.  11-9  B).  When  the  impulse 
arrives  at  the  second  electrode  this  becomes  relatively  negative 
to  the  first;  a  current  flows  through  the  instrument  in  the  op¬ 
posite  direction,  a  curve  below  the  base  line  appearing  in  the 
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record  (Fig.  11-9  C).  Thus  a  diphasic  curve  is  produced  (Fig. 
11-9  D). 

If  instead  of  placing  both  electrodes  upon  uninjured  tissue, 
the  nerve  beneath  the  second  electrode  is  crushed,  as  is  the  usual 
practice  in  recording  the  action  currents,  the  current  resulting 
from  the  difference  in  potential  between  the  injured  and  unin¬ 
jured  portions  (current  of  injury)  undergoes  a  sharp  reduc- 


Fig.  ii-io  Action  potential  wave 
recorded  by  means  of  the  cathode 
ray  oscillograph.  (After  Erhmger 
and  Gasser.) 


tion  in  strength  when  the  impulse  reaches  the  first  electrode. 
That  is,  the  action  current  opposes  the  current  of  injury.  This 
variation  in  strength  (negative  variation)  of  the  injury  current 
appears  as  a  single  wave  in  the  record.  A  second  wave,  directed 
oppositely  to  the  first,  does  not  appear,  since  the  impulse  can¬ 
not  reach  the  electrode  placed  upon  the  crushed  section  of  nerve. 
Such  a  record  is  called  monophasic  (see  Fig.  ii-io). 

The  most  convenient  and  reliable  means  which  we  possess 
for  investigating  the  properties  of  the  nerve  impulse  is  provided 
by  the  analysis  of  the  electrical  changes  recorded  from  the  nerve. 
The  strength  of  the  action  current,  as  indicated  by  the  ampli¬ 
tude  of  the  recorded  curves,  their  frequency  and  velocity,  can 
be  readily  determined;  such  values  are  taken  as  corresponding 
to  those  of  the  nerve  impulses  themselves. 


The  Nature  of  the  Nerve  Impulse 

The  “all  or  none”  principle  (or  law).  The  “all  or  none” 
principle,  as  it  applies  to  the  contraction  of  heart  muscle,  has 
been  already  defined  (p.  170).  This  principle  applies^  also  to 
the  nerve  impulse  and  to  the  contraction  of  the  individual 
fibers  of  skeletal  muscle.  For  example,  a  stimulus  just  strong 
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enough  to  excite  the  nerve  fiber  causes  the  transmission  of  an 
impulse  which,  as  gauged  by  the  action  current,  is  of  the  same 
magnitude,  and  has  the  same  velocity  as  one  set  up  by  a  stimulus 
of  much  greater  strength.  In  other  words,  a  stimulus  which  is 
capable  of  causing  a  response  at  all  causes  the  maximum  re¬ 
sponse.  , 

The  nerve  impulse  may,  therefore,  be  compared  to  a  spark 

travelling  in  a  fuse  of  gunpowder  for,  of  course,  it  is  imma¬ 
terial  in  so  far  as  the  size  of  the  spark  and  the  rate  of  its  trans¬ 
mission  are  concerned,  whether  the  fuse  has  been  ignited  by  a 
small  or  by  a  large  flame  (which  is  comparable  to  the  stimulus 
applied  to  the  nerve).  For  the  sake  of  illustration  other  com¬ 
parisons  may  be  drawn  between  the  nerve  fiber  and  a  fuse 
of  gunpowder.  The  nerve  impulse  and  the  spark  are  self- 
propagated;  both  derive  the  energy  for  their  transmission  from 
the  material  through  which  they  pass.  They,  therefore,  do  not 
undergo  any  diminution  with  distance,  differing  in  this  respect 
from  a  sound  wave,  a  wave  in  water,  or  from  an  electric  cur¬ 
rent,  each  of  which  is  reduced  in  magnitude  as  the  distance  from 
its  point  of  origin  increases. 

If  a  section  of  the  nerve  fiber  is  treated  with  a  narcotic  —  that 
is,  ether  or  alcohol  —  conduction  in  the  narcotized  region  is 
depressed;  the  impulse  (as  indicated  by  the  action  current)  is 
reduced  in  magnitude  by  passing  through  this  region.  But  the 
impulse,  upon  entering  the  unnarcotized  section  of  nerve,  re¬ 
gains  its  original  value  —  further  proof  for  the  statement  that 
the  conduction  of  the  impulse  is  dependent  upon  energy  de¬ 
rived  from  the  nerve  fiber  itself.  A  wave  in  air  or  water,  or  an 
electric  current,  once  having  undergone  a  reduction  in  force 
as  a  result  of  some  resistance  in  its  path,  is  not  restored  to  its 
original  value  after  having  emerged  from  the  medium  offering 
the  resistance.  The  spark  in  gunpowder  behaves,  however, 
like  the  nerve  impulse.  If  a  section  of  the  fuse  is  dampened 
the  spark  is  less  intense  and  travels  more  slowly  through  this 
section,  but  at  once  flares  up  again  upon  reaching  the  dry  sec¬ 
tion  of  powder  beyond. 

The  nerve  impulse  though  inseparable  from  an  action  po- 
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tential  is  not  merely  an  electric  current  transmitted  along  tlie 
nerve  as  along  a  wire. 

Lillie’s  iron  wire  model  of  the  nerve  fiber.  An  electrochemi¬ 
cal  phenomenon  most  closely  comparable  to  that  of  the  nerve 
impulse  is  exhibited  by  an  iron  wire  immersed  in  a  solution 
of  acid  of  appropriate  concentration.  A  nerve-model  so  con¬ 
structed  was  devised  by  Dr.  Ralph  Lillie  of  Chicago,  and  is 
generally  known  as  Lillie’s  iron  wire  model.  If  an  iron  wire 
is  immersed  in  strong  nitric  acid  it  becomes  coated  with  a 
layer  of  iron  oxide.  If  the  wire  is  then  placed  in  a  glass  tube 
filled  with  a  solution  of  acid  suitably  diluted,  and  **  stimulated  ” 
by  scratching  its  surface  at  one  point,  so  as  to  break  the  film  of 
oxide,  a  disturbance  consisting  of  effervescence  and  the  forma¬ 
tion  of  a  dark  compound  is  set  up  and  travels  rapidly  along  the 
wire;  the  film  of  oxide  gradually  re-forms  in  the  wake  of  the 
propagated  electrochemical  change.  The  wire  can  also  be 
stimulated  electrically.  The  rnlodel  shows  several  of  the 
phenomena  associated  with  the  passage  of  the  nerve  impulse. 
An  action  potential  can  be  recorded  from  the  wire  as  the  prop¬ 
agated  disturbance  passes  over  it.  Electrotonic  effects  and  a 
refractory  period  can  also  be  demonstrated.  The  latter  is  that 
period  following  the  “  impulse  ”  during  which  the  oxide  coat- 
mg  is  being  re-formed  and  the  wire  cannot  be  “  stimulated.” 

The  membrane  theory  of  nerve  excitation  and  conduction. 
The  electrochemical  change  in  the  wire  following  its  “  stimu¬ 
lation  ”  is  quite  evidently  a  surface  phenomenon.  The  nerve 
impulse  is  thought  to  be  of  the  same  namre,  occurring  at  the 
mrfece  of  a  membrane  or  film  enveloping  the  nerve  fiber. 
This  conception  has  been  embodied  in  what  h  known  as  the 
depolarization  or  membrane  theory  of  the  origin  and  spread  of 
the  nerve  impluse.  According  to  the  theory,  the  nerve  fiber  in 
the  resting  state  is  polarized  ~  is,  the  ions  in  the  fluids  in 

contact  with  the  two  sides  of  the  film  or  membrane  are  ar- 
ranged  with  the  cations  on  the  outside  and  the  anions  on  the 
inside  (Fig  ii-n).  Thus,  positive  and  negative  electric 
charges  ^e  balanced  on  either  side  of  the  membrane  which 
remains  impermeable  to  them  so  long  as  the  nerve  is  at  rest. 
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Upon  stimulation  of  the  nerve  some  chemical  change  is  brought 
about  which  renders  the  membrane  permeable  to  the  ions  it 
is  depolarized.  An  electrical  potential  is  set  up  between  the  ad- 
iacent  polarized  and  nonpolarized  regions  of  the  nerve,  whic  i 
acting  like  the  original  stimulus  causes  the  spread  of  depolari¬ 
zation  down  the  nerve;  thus  the  impulse  is  propagated  auto¬ 
matically.  Excitation  of  the  nerve  is  not  restored  until  the  de- 
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Fig.  ii-ii  Illustrating  the  membrane  theory.  Straight  arrow  mdic&tcs 

the  direction  taken  by  the  impulse;  curved  arrow,  the  potentwl  difter- 
ence.  The  part  of  the  nerve  marked  by  wavy  lines  is  depolarized,  and 
is  negative  to  the  polarized  part.  The  refractory  periods  in  which  the 
nerve  is  being  repolarized  are  represented  by  hatching;  following  this 
again  repolarizadon  has  occurred,  and  the  ability  of  the  nerve  to  con¬ 
duct  an  impulse  has  been  restored. 

polarized  region  is  repolarized.  The  period  during  which  the 
nerve  is  depolarized  corresponds  to  the  absolute  refractory  pe¬ 
riod  (see  below).  _ 

Vhe  absolute  and  relative  refractory  periods  of  nerve.  The 
nerve  liber,  after  the  passage  of  an  impulse,  is  for  a  short  time 
unable  to  conduct.  This  is  due,  if  we  accept  the  membrane 
theory,  to  its  being  in  the  depolarized  state.  This  brief  interval 
following  the  passage  of  the  impulse,  and  during  which  the 
fiber  will  not  conduct,  is  called  the  absolute  refractory  period 
(see  Fig.  11-12).  The  nerve  fiber  in  this  state  may  be  likened 
to  the  gunpowder  fuse  after  the  spark  has  passed,  leaving  only 
a  trail  of  ash;  a  fresh  train  of  powder  must  be  laid  before  a 
second  spark  can  travel  the  same  path.  The  duration  of  the 
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absolute  refractory  period  of  frog’s  nerve  is  from  0.OQ2  to  0.003 
second,  and  of  mammalian  nerve  about  0.001  second.  It  is 
followed  by  a  longer  period  during  which  repolarization  of  the 
nerve  fiber  is  occurring.  This  is  called  the  relative  refractory 
period;  it  has  a  duration  of  from  0.01  to  0.02  -sfecond.  During  * 
this  time,  the  excitability  and  conductivity  of  tfiie  fiber  is  below 


Period  Period 

Fig.  ir-i2  Curve  of  the  recovery  in  the  sciatic  nerve  of  the  frog.  Two 
-Stimuli  were  applied  to  the  nerve,  the  second  stimulus  being  separated 
from  the  first  by  various  rime  intervals  and  of  just  sufficient  strength 
to  excite.  Intensity  of  stimulus  is  plotted  along  the  ordinate,  time 
along  the  abscissa.  The  interrupted  horizontal  line  indicates  the  thresh¬ 
old  strength  of  current  required  to  excite  the  resting  nerve.  During 
the  absolute  refractory  period  (about  0.003  sec.  in  this  instance)  a  stimu¬ 
lus,  however  strong,  will  not  excite.  '  The  excitability  returns  gradually 
during  the  next  0.02  sec  (relative  refractory  period).  (After  Adrian.) 

normal,  a  stronger  stimulus  than  usual  being  required  to  set 
up  an  impulse  which,  as^^tidged  by  the  action  current,  is  of 
smaller  magnitude.  These  properties  improve  progressively, 
reaching  the  values  for  resting  nerve  at  the  termination  of  the 
relative  refractory  period. 

The  velpdty  of  the  nerve  impulses.  In  mammalian  myeli¬ 
nated  nerves,  the  impulse  travels  at  a  velocity  of  from  90  to  100 
meters  per  second -that  is,  at  about  the  speed  of  a  revolver 
ullet.  The  impulses  in  unmyelinated  mammalian  nerve  and 
in  all  nerves  of  cold-blooded  animals,  whether  myelinated  or 
unmyelmated,  travel  at  much  slower  rates.  Nerve  fibers  of 
large  diameters  transmit  impulses  at  a  higher  velocity  than 
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In  some  types  of  contraction,  such  as  the  tonic  contraction  of 
the  muscles  which  maintain  the  body’s  posture,  the  impulses  are 
transmitted  at  moderately  high  frequencies,  but  only  a  propor¬ 
tion  of  the  nerve  fibers  going  to  the  muscle  are  active  at  one 
time  — that  is,  the  impulses  are  discharged  from  the  central 
nervous  system  asynchronously  along  the  several  fibers  com¬ 
posing  the  motor  nerve.  As  a  consequence,  the  fibers  of  the 
muscle  are  never  all  contracted  at  once;  they  contract  in  rota¬ 
tion.  Since  the  muscle  fibers  respond  in  relays,  some  resting 
while  others  contract  and  vice  versa,  this  type  of  contraction, 
though  generally  less  powerful  than  that  which  results  in  move¬ 
ment,  is  able  to  be  maintained  for  relatively  long  periods  with¬ 
out  causing  fatigue. 

The  nature  or  quality  of  sensation  aroused  by  stimulating  a 
sensory  nerve  ending  varies  with  the  particular  nerve  ending 
excited.  For  example,  stimulation  of  certain  nerve  endings  in 
the  skin  causes  a  painful  sensation,  of  others  a  sensation  of 
touch,  of  others  again,  a  sensation  of  heat  or  of  cold.  The  optic 
nerve  transmits  impulses  which  arouse  visual  sensations.  The 
acoustic  and  olfactory  nerves  and  the  nerves  of  taste  when  stim¬ 
ulated  give  rise  to  their  own  peculiar  sensations.  To  what  is 
this  specificity  of  the  sensory  nerves  due.?  There  are  two  pos¬ 
sibilities:  (a)  The  fibers  constituting  the  several  types  of  nerve 
may  differ  in  some  fundamental  way  from  one  another,  so  that 
the  impulses  set  up  may  have  some  distinguishing  characteris¬ 
tic.  In  other  words,  each  type  of  fiber  may  convey  to  con¬ 
sciousness  a  message  peculiar  to  that  type  of  fiber,  (b)  The 
fibers  themselves  may  be  unspecific  and  the  impulses  which 
they  transmit  may  be  all  alike,  the  different  kinds  of  sensations, 
pain,  touch,  visual,  auditory,  etc.,  being  then  dependent  upon 
the  particular  region  of  the  brain  where  the  impulses  are  re¬ 
ceived.  That  is  to  say,  the  different  regions  of  the  brain  inter¬ 
pret,  each  in  its  own  way,  the  messages  which  they  receive, 
though  these  are  all  identical  in  their  general  characters. 

The  latter  conception  appears  to  be  the  true  one.  All  the 
evidence  indicates  that  the  impulses,  along  whatever  type  of 
nerve  they  are  transmitted,  though  they  may  differ  in  minor 
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details,  are  essentially  the  same  in  character.  For  example,  the 
action  currents  recorded  from  the  optic  nerve,  from  a  motor 
nerve,  or  from  a  cutaneous  sensory  nerve,  show  no  characteristic 
differences  which  might  reasonably  be  considered  as  a  basis  for 
the  several  qualities  of  sensation.  The  center  in  the  brain  in 
which  the  impulses  arrive  is  the  determming  factor.  Impulses 
reaching  one  part  of  the  cerebral  cortex  cause  a  visual  sensa¬ 
tion  but,  if  these  same  impulses  could  be  directed  to  the  audi¬ 
tory  center  of  the  brain  they  would,  according  to  this  view,  give 
rise  to  a  sensation  of  sound.  Or  again,  if  it  were  possible  to 
stimulate  the  receptors  of  the  eye  by  a  sound,  and  those  of  the 
ear  by  a  light,  the  sensation  to  which  such  stimulation  gave  rise 
would  still  be  one  of  light  or  of  sound,  respectively.  For  ex¬ 
ample,  though  the  rods  and  cones  of  the  retina  are  the  recep¬ 
tors  for  sight,  and  are  so  specialized  that  light  rays  constitute 
the  most  effective,  indeed  the  only  really  adequate,  stimulus,  we 
know  from  our  own  experience  that  they,  or  the  optic  nerve 
fibers,  can  be  excited  by  mechanical  means,  as  by  a  blow  or  firm 
pressure  upon  the  eyeball,  when  a  flash  or  a  ring  of  light  is  seen. 

Chemical  changes  in  nerve.  Until  some  years  ago  attempts 
had  failed  to  demonstrate  any  increase  in  oxygen  consumption 
or  of  carbon  dioxide  production  by  nerve  during  its  activity. 
Nor  could  any  rise  in  temperature  of  the  nerve  be  demonstrated 
during  the  passage  of  the  impulse.  It  was,  therefore,  thought 
that  the  conduction  of  the  nerve  impulse  was  a  purely  physical 
process.  By  the  application  within  recent  years  of  more  re¬ 
fined  methods  of  investigation  it  has  been  shown  quite  con¬ 
clusively,  however,  that  conduction  in  nerve  is  essentially  chem¬ 
ical  in  nature.  A  resting  nerve  produces  a  small  quantity  of 
heat  (70  X  io“®  calories  per  gram  of  nerve  per  second)  which 
is  increased  by  over  50  per  cent  during  activity.  The  resting 
nerve  also  consumes  oxygen  and  produces  carbon  dioxide,  the 
gaseous  exchanges  undergoing  a  definite  increase  when  the 
nerve  is  stimulated. 

Carbohydrate  is  not,  apparently,  the  fuel  from  which  the- 
energy  for  the  conduction  of  the  impulse  is  derived.  During 
stimulation  no  reduction  in  the  glycogen  content  of  the  nerve 
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occurs,  the  disappearance  of  sugar  is  not  accelerated,  and  lactic 
acid  is  not  produced.  Nerve  conduction  differs,  therefore,  in 
this  respect  from  muscular  contraction  (p.  547).  But,  as  in 
muscular  contraction,  the  immediate  source  of  the  energy  for 
nerve  conduction  is  furnished  by  the  explosive  breakdown  of 
phosphocreatine.  The  phosphocreatine  undergoes  resynthesis 
after  the  passage  of  the  impulse,  i.e.,  during  the  refractory  pe¬ 
riod,  the  conductivity  of  the  nerve  being  thus  restored.  The 
source  of  the  energy  for  the  recovery  process  is  unknown. 
That  the  recovery  process  is  essentially  different  from  that  oc¬ 
curring  in  muscle  is  evident  from  the  fact  that  it  occurs  in  the 
absence  of  oxygen.  A  nerve  placed  in  nitrogen  will  therefore 
continue  to  respond  to  stimulation  for  a  relatively  long  time  — 
three  hours  or  so. 


The  Physiology  of  Skeletal  {Voluntary')  Muscle 
The  minute  structure  of  skeletal  muscle  has  been  briefly  de¬ 
scribed  in  Chapter  2. 

Fimctional  anatomy.  The  characteristic  and  outstanding 
property  of  muscle  is  its  contractility;  and  the  most  obvious 
function  of  skeletal  muscle  is  to  move  the  limbs,  head,  trunk, 
and  other  parts.  The  muscle  fiber  is  a  highly  complex  mecha¬ 
nism  primarily  directed  toward  the  conversion  of  energy  de¬ 
rived  from  chemical  reactions  to  mechanical  energy  which  is 
exhibited  as  movement  or  some  kind  of  force.  Most  skeletal 
muscles,  as  the  name  implies,  are  attached  to  bony  structures, 
though  a  few,  such  as  those  of  the  face,  are  attached  to  skin; 
others  are  attached  to  cartilage  and  some  to  ligaments  or  to 
other  muscles.  One  of  the  bones  to  which  a  muscle  is  attached 
is  usually  held  more  or  less  stationary  by  the  action  of  other 
muscles;  the  prime  mover  (see  below)  thus  is  provided  with  a 
fixed  point  for  its  contraction.  This  attachment  of  the  muscle 
is  usually  called  its  origin.  The  other  extremity  of  the  muscle, 
especially  of  a  limb  muscle,  is  most  usually  attached  to  a  bone 
which  moves  upon  some  type  of  joint  when  the  muscle  con¬ 
tracts;  this  attachment  is  called  the  insertion  of  the  muscle.  In 
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the  case  of  the  muscles  of  the  limbs  and  of  certain  other  parts, 
the  muscles  are  situated  with  their  insertions  distal  to  their  ori¬ 
gins  (i.e.,  more  toward  the  fingers  or  toes),  and  when  the 
muscle  contracts  its  insertion  moves  toward  its  origin,  which 


Fig.  11-13  Drawing  showing  the  actions  of  muscles  crossing  a  joint. 
When  the  thigh  muscle  (quadriceps  extensor)  contracts  it  pulls  upon 
the  upper  part  of  the  leg  bone  (tibia)  and  straightens  (extends)  the  leg 
upon  the  thigh.  The  calf  muscle  (gastrocnemius)  and  a  muscle  under- 
lying  it  (the  soleus)  turn  the  foot  downward  (plantar  flexion),  and  in 
walking,  press  it  upon  the  ground. 

remains  Stationary  (Fig.  11-13).  Most  voluntary  muscles  arc 
inserted  not  directly  into  the  bone,  but  through  the  medium  of 
a  strong,  tough,  inelastic  fibrous  cord  called  'di  tendon  (or  sinew, 
in  popular  language,  Fig.  11-14).  Tendons  vary  greatly  in 
length,  in  man,  from  a  fraction  of  an  inch  to  more  than  a  foot. 
Sometimes  a  muscle  has  a  tendon  at  each  of  its  extremities. 
The  foTtn  of  muscle  and  the  arrangement  of  its  fibers,  Mus- 
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Fig.  11-14  Showing  the  blending  of  voluntary  muscle  fibers  with  fibers 
of  its  tendon. 


cles  are  of  many  shapes  and  sizes.  Their  shapes  are  variously 
described  as  fusiform  (spindle-shaped),  quadrilateral  or  rhom¬ 
boid,  triangular,  strap-like  (such  as  the  long  muscle  on  the  front 
and  inner  side  of  the  thigh  and  knee),  and  pennate  (like  a 
feather)  in  which  the  fibers  pass  from  either  side  to  a  central 
tendon  which  they  join  obliquely  (see  Fig.  11-15)-  This  ar¬ 
rangement  of  the  fibers  is  called  bipennate.  In  other  muscles 
only  one  half  of  a  feather  is  represented,  the  fibers  passing 
obliquely  to  only  one  side  of  the  tendon;  they  are  called  unipen- 
nate.  In  most  muscles  the  fibers  pass  in  a  direct  line  line  of 
pull  —  from  origin  to  insertion. 

When  a  muscle,  e.g.,  the  biceps  of  the  arm,  contracts,  it  ap¬ 
pears  to  increase  in  volume,  and  the  ancient  and  medieval 
physicians  thought  that  such  actually  occurred.  Francis  Glis- 
son,  an  English  physician  (1597-1677),  showed  by  a  very  sim¬ 
ple  experiment  that  the  muscles  of  the  human  forearm  did  not 
increase  in  volume  when  they  contracted ,  they  actually  dimi¬ 
nished  a  little  in  bulk.  He  had  a  man  insert  his  arm  up  to  the 
elbow  into  a  tall  glass  vessel  provided  with  a  side-arm  (see 


Fig.  11-15  Showing  four 
different  types  of  arrange¬ 
ment  of  the  fibers  in  vol¬ 
untary  muscles;  descrip¬ 
tion  in  the  text 
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Fig.  The  vessel  was  then  filled  with  water  to  the  brim 

and  a  bandage  bound  around  the  top  of  the  vessel  and  the  arm 
at  this  pointj  so  that  there  should  be  no  leakage.  When  the 
muscles  of  the  arm  contracted  no  rise  in  the  level  of  fluid  in 
the  side-arm  occurred;  a  slight  fall  was  observed.^ 

Red  {darl{)  and  white  {pale)  muscles.  We  are  all  familiar 
with  the  dark  and  light  flesh  of  fowl.  In  mammals  also  there 
are  two  types  of  muscle,  the  dark  red  and  the  light  colored. 

The  division  into  these  two  types  is 
more  pronounced  in  the  cat  and  rabbit 
than  in  the  monkey  or  man.  The  pale 
muscles  (like  the  wing  muscles  of 
birds)  contract  more  rapidly  than  the 
dark  colored,  and  require  a  higher  fre¬ 
quency  of  stimulation  in  order  to  teta- 
nize  them  (p.  537).  The  two  kinds  of 
muscle  differ  histologically;  the  fibers 
of  the  dark  variety  have,  as  compared 
with  those  of  the  pale  muscles,  more 
abundant  sarcoplasm,  are  more  opaque 
and  show  less  distinct  cross-striations. 

The  dark  muscles  as  well  as  giving  a 
slower  contraction  also  fatigue  less  readily.  They  constitute,  in 
man,  mainly  those  muscles,  e.g.,  the  extensors  of  the  thigh, 
which  are  capable  of  sustaining  a  position  of  the  body,  such  as 
standing,  for  a  long  period.  In  some  human  muscles,  both 
kinds  of  fiber  are  present  together. 

The  innervation  of  skeletal  muscle,  motor  end-plate,  and 
motor  units.  Each  muscle  cell  receives  both  a  motor  and  sen¬ 
sory  innervation.  Each  nerve  fiber  of  a  spinal  motor  nerve, 
which  is  an  axon  of  a  cell  in  the  anterior  horn  of  the  spinal 
cord,  divides  into  some  100  branches  which  supply  a  cor¬ 
responding  number  of  muscle  fibers.  The  anterior  horn  cell . 
(including  its  axon,  the  nerve  fiber)  is  called  a  motoneuron, 
and  the  group  or  ‘‘  bunch  ”  of  muscle  fibers  which  it  innervates 

^  The  slight  reduction  in  volume  was  probably  due  to  the  expression  of  blood 
from  the  vessels  by  the  compressing  force  of  the  contraction. 


Fig.  ii-r6  Illustrating 
Glisson’s  experiment.  See 
text. 
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is  designated  a  motor  unit  (Fig.  n-i?)-  The  muscle  cell  pos¬ 
sesses  a  specially  organized  structure  known  as  the  end- 

plate.  Each  axon  branch  as  it  approaches  the  muscle  fiber  tor 
which  it  is  destined,  loses  its  myelin  sheath  and  terminates  on 
the  motor  end-plate  as  a  flat  expansion.  This  contact  (there 
appears  to  be  no  actual  union)  between  the  terminal  of  the 
nerve  fiber  and  the  end-plate  is  called  the  myoneural  or  neu¬ 


romuscular  junction  (Fig.  11-18).  It  exhibits  many  of  the  prop¬ 
erties  of  the  synapse  existing  between  neurons  (p.  560). 

The  sensory  nerve  fibers  also  lose  their  myelin  sheaths  and 
end  in  a  special  organ  within  the  fiber  known  as  the  muscle 
spindle.  They  are  receptors  of  kinesthetic  sense  (p.  566  and 
PI.  9  A). 

Muscular  movements.  Muscles  which  bend  a  limb  at  a  joint, 
e.g.,  those  which  raise  the  thigh  at  the  hip-joint,  or  bend  the  el¬ 
bow  or  knee,  are  called  flexor  muscles  (or  flexors).  Those 
which  straighten  the  limb,  lower  the  thigh  at  the  hip-joint,  or 
straighten  the  arm  at  the  elbow  or  the  leg  at  the  knee,  are 
called  extensor  muscles  (or  extensors).  Muscles  which  move 
the  limb  or  other  part  in  a  direction  away  from  the  mid-line 
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of  the  body,  or  of  a  limb,  are  called  abductors,  and  those  exe¬ 
cuting  the  opposite  movement  —  that  is,  bringing;  the  limb  or 
other  part  toward  the  mid-line  of  the  body  or  of  a  limb  are 
known  as  adductors.  There  are  also  muscles  which  rotate  a 
limb.  In  the  case  of  the  movements  at  the  ankle  joint,  con¬ 
fusion  is  avoided  by  adding  the  qualifying  prefixes,  plantar- 
and  dorsi-  to  the  word  flexor.  Thus,  turning  the  foot  upward 


upon  the  ankle  joint  is  called  dorsi-flexion ;  depressing  the  foot 
toward  the  ground  is  called  plantar-flexion.  Dorsi-flexors  and 
plantar-flexors  are  corresponding  terms  given  to  the  muscles 
which  carry  out  these  movements. 

In  performing  a  given  movement,  e.g.,  bending  of  the  leg  at 
the  knee  or  of  the  arm  at  the  elbow,  the  several  muscles  car¬ 
rying  out  the  movement  act  as  a  “  team.”  In  the  bending  of 
the  arm  at  the  elbow,  for  example,  the  muscles  which  execute 
the  actual  movement,  biceps,  etc.,  are  called  prime  movers,  but 
we  shall  see  (p.  569)  that  the  oppositely  acting  muscles  must 
relax;  the  muscles  which  straighten  the  elbow,  such  as  the 
triceps,  are,  therefore,  called  antagonists.  The  functions  of 
these  muscles  are  of  course  reversed  when  the  elbow  is  ex¬ 
tended,  the  triceps  is  now  the  prime  mover  and  the  biceps  the 
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antagonist.  Fixation  muscles  are  those  which  hold  stationary 
the  bone  or  bones  which  give  origin  to  the  muscle,  and  thus 
enable  it  to  move  the  bone  into  which  its  tendon  is  inserted. 
Thus,  in  raising  the  arm  from  the  side,  muscles  about  the  shoul¬ 
der  joint  contract  to  hold  the  shoulder  blade  (scapula)  and 
collar  bone  (clavicle)  steady.  Muscles  which  steady  neighbor¬ 
ing  joints,  and  thus  enable  the  prime  mover  to  contract  to  best 
advantage,  and  without  loss  of  power,  are  called  synergists. 
Thus,  when  the  muscles  (flexors  of  the  fingers  and  wrist) 
which  clench  the  fist  contract,  there  is  a  tendency  for  the  wrist 
to  be  sharply  flexed.  Normally  this  does  not  occur  because 
the  muscles  on  the  back  of  the  forearm  (extensors  of  the  wiist), 
whose  tendons  cross  the  back  of  the  wrist,  contract,  and  thus 
give  rigidity  to  this  joint. 

Method  of  recording  contractions  of  an  isolated  muscle.  Our 
knowledge  of  the  physiology  of  muscular  contraction  has  been 
gained  largely  from  studies  of  the  isolated  muscle  of  the  frog. 
The  muscle  of  the  calf  —  the  gastrocnemius  —  is  the  one  most 
generally  employed.  This  muscle  is  attached  above  to  the 
lower  end  of  the  thigh  bone  (femur)  and  below,  through  a 
strong  tendon  called  the  tendon  of  Achilles  (tendo  Achillis),  to 
'the  bone  of  the  heel.  In  preparing  the  muscle  for  an  experi¬ 
ment,  it  is  removed  from  the  animal  together  with  its  nerve 
supply,  the  sciatic,  and  the  lower  end  of  the  femur.  The  prep¬ 
aration  is  then  suspended  by  fixing  the  section  of  bone  in  a 
clamp,  and  fastening  the  lower  tendinous  end  of  the  muscle, 
to  a  light  lever,  as  shown  in  Figure  11-19.  The  lever  is  adjusted 
so  as  to  make  light  contact  with  the  surface  of  a  revolving 
drum,  motivated  by  clockwork  and  covered  with  smoked 
paper.  This  instrument  is  called  a  kymograph.  As  the  drum 
revolves,  the  soot  is  removed  by  the  point  of  the  lever,  which 
thus  traces  a  white  horizontal  line  so  long  as  the  lever  remains 
stationary.  Any  shortening  (contraction)  of  the  muscle  causes 
an  upward  movement  of  the  lever  which  then  inscribes  a  curve 
on  the  rotating  drum. 

A  tuning  fork  of  the  required  frequency  of  vibration  (c.g., 
xfej  ^  arranged  with  a  writing  point  to  mark  the 
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time  intervals  at  the  bottom  of  the  tracing,  or  some  device  run 
by  clockwork  may  be  used.  A  signal  magnet  is  also  set  up  in 
the  primary  circuit  of  the  inductorium  (see  below)  to  indicate 
the  instant  that  the  stimulating  current,  which  also  activates  the 
signal,  is  made  or  broken. 

The  inductorium.  The  induced  electric  current  is  usually 
employed  in  class-room  experiments  for  stimulating  muscle 
and  nerve;  it  can  be  finely  graded  in  strength,  and  a  series  of 


( 
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rapidly  repeated  shocks  can  be  applied  to  the  excitable  tissue. 
The  instrument  employed  for  this  purpose  is  called  an  indue- 
torium,  which  consists  of  two  cylindrical  spools  or  cods  of  wire 
called  primary  and  secondary  (Fig.  11-20).  The  primary  coil 
has  an  iron  core  around  which  are  made  a  few  turns  of  thick 
wire.  It  receives  current  from  a  dry  cell,  a  switch  or  key  being 
interposed  in  the  circuit.  The  secondary  coil  is  composed  of 


SHORT  CIRCUITING 


STIMULATING 

ELECTRODE 


VIBRATOR 


Fig.  11-20  The  inductorium.  A,  primary  coil;  B,  secondary  coil. 

many  turns  of  fine  wire.  Its  core  being  hollow,  it  is  capable  of 
being  slid  like  a  sleeve  over  the  primary  coil.  It  runs  on  paral¬ 
lel  metal  bars  and  can  be  pivoted  as  well  around  its  transverse 
axis.  When  the  current  from  the  dry  cell  enters  the  primary 
coil  a  current  is  induced  in  the  secondary  coil.  The  low  elec¬ 
tromotive  force  of  the  primary  circuit  is  transformed  to  the 
high  electromotive  force  of  the  induced  current  which  is  led 
off  to  stimulating  electrodes  fastened  to  binding  posts,  one  on 
either  end  of  the  horizontal  bars  along  which  the  secondary 
coil  slides.  The  primary  circuit  may  be  made  and  broken  by 
means  of  the  key,  or  by  the  rapid  movements  of  an  automatic 
interrupter  or  vibrator  on  the  instrument  itself.  Nerve  or 
muscle  can  then  be  stimulated  by  a  series  of  rapidly  alternating 
make  and  break  induced  currents.  The  break  shock  of  the 


534  the  physiology  of  nerve  and  muscle 

induced  current  is  more  effective  as  a  stimulus  than  is  the  make 
shock  because  the  primary  current  causes  an  induced  current  in 
the  primary  coil  itself  as  well  as  in  the  secondary,  and  its  direc¬ 
tion  is  opposite  to  that  of  the  primary  current;  as  a  consequence, 
the  intensity  of  the  latter  as  well  as  its  rate  of  rise  is  reduced 

(see  p.  511).  In  the  case 
of  the  break  shock  the  self- 
induced  current  cannot 
weaken  the  primary  cur¬ 
rent  since  this  has  already 
ceased  to  exist.  As  a  mat¬ 
ter  of  fact,  the  direction  of 
the  self-induced  current  at 
the  break  is  the  same  as 
that  of  the  primary  current. 

The  current  induced  in 
the  secondary  coil  is  in¬ 
creased  or  diminished  by 
sliding  this  coil  toward -or 
away  from  the  primary  coil. 
The  induced  current  can 
also  be  graded  by  rotating 
the  secondary  coil  upon  its 
pivot,  and  altering  the  angle 
which  it  makes  with  the  primary  coil.  When  the  secondary 
and  primary  coils  have  their  long  axes  at  right  angles  to  one 
another  there  is  no  induced  current.  A  current  is  induced  as 
the  secondary  coil  is  moved  from  the  right  angle  toward  the 
horizontal  position,  and  increases  steadily  the  farther  it  is 
turned  in  this  direction,  reaching  a  maximum  for  any  given 
distance  from  the  primary  coil,  when  the  long  axes  of  the  two 
Coils  are  in  line. 

The  simple  muscular  contraction  or  “  twitch.”  Muscle,  like 
nerve,  responds  to  any  one  of  the  four  types  of  stimulus  —  elec- 
triced,  mechunical,  thermal  or  chemical.  The  muscle  may  be 
stimulated  directly  —  that  is,  by  placing  the  electrodes  in  con¬ 
tact  with  its  surface— or  through  its  nerve.  When  stimulated 


Fig.  1 1-2 1  Record  of  a  muscle 
twitch.  A-B,  latent  period;  B-C, 
contraction  phase;  C-D,  relaxation 
phase.  Time  indicated  by  lower 
tracing  (-j-^  sec.)  caused  by  a  vi¬ 
brating  tuning  fork,  (After  Stir- 
ling.) 
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in  either  of  these  ways  and  with  a  single  stimulus,  e.g.,  a  make 
or  break  shock,  the  muscle  contracts  and,  having  raised  the 
writing  lever  to  a  certain  height,  relaxes  again  and  allows  the 
lever  to  return  to  its  original  position.  Thus  a  curve  sinailar  to 
that  shown  in  Figure  11-21  is  inscribed.  This  simple  brief  con¬ 
traction  is  called  a  muscle  twitch;  it  is  due,  of  course,  to  the 
shortening  (contraction)  in  unison  of  the  numerous  fibers  of 
which  the  muscle  is  composed.  A  simple  contraction  or  twitch 
does  not  occur  in  the  living  animal  under  ordinary  physiologi¬ 
cal  conditions,  but  the  reflex  contraction  of  the  extensor  mus¬ 
cles  of  the  thigh  caused  by  a  tap  on  the  patella  tendon  (knee 
jerk)  is  of  this  nature.  The  curve  shown  in  Figure  11-21  is 
marked  off  into  three  parts  to  represent  corresponding  phases 
of  the  muscular  response.  The  stimulus  was  applied  at  A. 
Shortening  of  the  muscle  commences  at  B  and  relaxation  at  C. 
The  distance  from  A  to  B  indicates  the  period  elapsing  from  the 
application  of  the  stimulus  to  the  commencement  of  the  con¬ 
traction.  This  is  called  the  latent  period;  its  duration  is  about 
o.oi  second.  The  next  period  (B-C),  during  which  the  lever 
rises  from  the  horizontal  line  (base  line)  to  the  summit  of  the 
curve,  is  the  contraction  phase;  it  lasts  for  approximately  0.04 
second.  The  part  of  the  curve  from  C  to  D  represents  the  relax¬ 
ation  phase.  This  has  a  duration  of  about  0.05  second. 

As  determined  by  the  method  described  above,  the  total  dura¬ 
tion  of  the  contractile  process  of  the  frog’s  gastrocnemius  mus¬ 
cle,  including  the  latent  period,  is  found  to  be  about  a  tenth 
of  a  second.  The  muscles  of  warm-blooded  animals  have  con¬ 
siderably  shorter  contraction  times. 

The  latent  period  of  the  muscle,  as  measured  from  the  in¬ 
stant  of  stimulation  of  its  nerve,  is  made  up  of:  (a)  the  very 
brief  interval  during  which  the  initial  chemical  changes  are 
occurring  in  the  muscle  fiber  and  tension  is  being  developed; 
(b)  the  time  taken  for  the  impulse  to  travel  along  the  nerve 
from  the  point  of  stimulation  to  the  muscle;  (c)  the  inertia  of 
the  lever.  The  last  mentioned,  (c),  can  be  almost  entirely  elim¬ 
inated  by  refined  methods  of  recording,  e.g.,  some  form  of 
recording  in  which  the  contraction  of  the  muscle  moves  a  mir- 
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rored  surface.  This  reflects  a  beam  of  light  which  is  photo¬ 
graphed.  The  light  beam,  which  is  substituted  for  the  mate¬ 
rial  lever,  is  free  from  inertia.  Furthermore,  its  length  can  be 
such  that  great  magnification  of  the  movements  of  the  reflect¬ 
ing  surface  can  be  obtained.  The  true  latent  period  of  muscle 
—  that  is,  the  interval  between  the  stimulation  of  the  muscle 
fiber  and  the  commencement  of  the  shortening  process  —  varies 
between  0.0025  0.004  second. 

The  effect  upon  the  force  of  the  contraction  of  increasing  the 
intensity  of  the  stimulus.  If  a  series  of  stimuli  of  gradually  in¬ 
creasing  strength  is  applied  directly  to  the  muscle,  contraction 
curves  of  graded  heights  will  be  obtained  (see  Fig.  11-22).  The 


Fig.  11-22  Record  of  a  series  of  contractions  caused 
by  a  succession  of  stimuli  of  graded  strength.  The 
muscle  lever  traced  each  of  these  lines  while  the 
drum  of  the  kymograph  was  at  rest,  and  was  then 
moved  by  hand  to  a  fresh  .position  after  each  con¬ 
traction. 

weakest  stimulus  which  will  excite  the  muscle  is  called  the 
minimal  or  threshold  stimulus.  As  the  strength  of  each  suc¬ 
cessive  stimulus  is  increased,  a  greater  and  greater  response  is 
obtained  from  the  muscle.  Ultimately,  a  point  is  reached  where 
the  muscle  contracts  maximally  —  that  is,  no  further  increase 
in  the  height  of  the  contraction  curve  results  from  increasing 
the  strength  of  the  stimulus.  This  is  called  the  maximal  stim¬ 
ulus. 

It  was  stated  on  page  516  that  muscle,  like  nerve,  obeys  the 
all  or  none  ’’  law.  The  grading  of  the  muscular  response  to 
stimuli  of  graded  strength,  as  just  described,  appears  to  con¬ 
tradict  this  statement.  The  explanation  is  that  a  muscle  is  com- 
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posed  of  a  number  of  units  — the  muscle  fibers.  The  force  of 
the  contraction  of  the  whole  muscle  is  dependent  upon  the 
number  of  fibers  excited  by  the  stimulus.  A  strong  stimulus 
excites  a  larger  number  of  fibers  than  does  a  weak  one,  and 
with  a  maximal  stimulus  the  current  spreads  to  involve  all  the 
fibers.  Studies  made  upon  a  single  muscle  fiber  have  shown 
that  it  does  not  respond  by  graded  responses  as  the  strength  of 
the  stimulus  is  increased.  It  responds  maximally  or  not  at  all, 
that  is,  it  obeys  the  “  all  or  none  ”  law. 

Summation  and  tetanus.  If  a  second  stimulus  is  sent  into  an 
isolated  frog’s  muscle  within  the  latent  period  of  the  first,  no 
obvious  effect  is  produced.  If,  however,  the  second  stimulus  is 
applied  while  the  muscle  is  contracting  in  response  to  the  first 
stimulus,  it  contracts  again ;  the  second  contraction  is  added  to 
the  first,  the  shorteningmf  the  muscle  being  then  greater  than 
that  caused  by  a  single  stimulus.  The  greatest  effect  of  the  sec¬ 
ond  stimulus  is  observed  when  it  is  applied  to  the  muscle  near 
the  height  of  the  contraction  caused  by  the  first.  This  phe¬ 
nomenon,  whereby  one  contraction  is  added  to  a  previous  one 
to  produce  a  greater  total  shortening  of  the  muscle,  is  called 
summation  (Fig.  11-23).  ^  third  contraction  may  be  added  to 
a  second,  a  fourth  to  a  third,  and  so  on.  When  the  stimuli  sent 
into  a  frog’s  gastrocnemius  muscle  are  at  a  slower  rate  than 
from  15  to  30  per  second  the  individual  contractions  can  be 
distinguished  — that  is,  they  are  not  completely  fused.  The 
contraction  curve  shows  smaller  or  larger  waves  synchronous 
with  the  rate  of  stimulation.  At  rates  of  stimulation  higher 
than  this  the  responses  are  completely  fused,  the  contraction 
curve  being  perfectly  smooth.  The  curve  rises  to  a  maximum 
height  which  is  considerably  greater  than  that  caused  by  a 
single  stimulus,  and  remains  at  this  height  as  long  as  the  stimu¬ 
lation  lasts  or  until  the  muscle  becomes  fatigued.  A  sustained 
contraction  of  this  nature  is  called  complete  tetanus.  The  con¬ 
traction  caused  by  slower  rates  of  stimulation,  and  in  which  the 
individual  responses  are  distinguishable,  is  referred  to  as  incom¬ 
plete  tetanus. 

The  rate  of  stimulation  at  which  complete  fusion  of  the 

18 


538  THE  PHYSIOLOGY  OF  NERVE  AND  MUSCLE 

contractions  occurs  varies  with  the  speed  at  which  a  given  type 
of  muscle  normally  contracts.  Thus,  rapidly  acting  white  mus¬ 
cles  require  a  higher  rate  of  stimulation  to  produce  tetanus 
than  do  the  more  slowly  acting  red  muscles,  and  the  rate  re¬ 
quired  by  smooth  muscle  is  slowest  of  all  (5  stimuli  per  sec- 


Fig.  11-23  Illustrating  summation  and  tetanus,  i,  the  second  stimu¬ 
lus  X  was  applied  after  relaxation  of  the  muscle,  two  separate  contrac¬ 
tions  of  equal  amplitude  result;  2,  summation,  the  second  stimulus  (x) 
being  applied  at  a  shorter  interval  after  the  first  than  in  i;  3  and  4,  in¬ 
complete  tetanus  caused  by  a  series  of  stimuli  applied  at  short  intervals 
apart;  5,  complete  tetanus  resulting  from  a  still  more  rapid  rate  of  stim¬ 
ulation,  the  individual  muscular  responses  being  completely  fused. 
(After  Stirling  and  Howell.) 

ond).  In  the  rapidly  acting  muscles  of  the  wings  of  insects, 
contractions  are  not  fused  until  the  rate  of  stimulation  reaches 
a  rate  of  300  per  second  and  upward,  and  even  a  human  eye 
muscle  (internal  rectus)  requires  a  stimulation  rate  of  350  per 
second.  The  required  rate  for  red  muscle  of  the  human  calf, 
on  the  other  hand,  is  only  30  stimuli  per  second.  In  man,  the 
contractions  of  the  muscles  of  the  limbs  are  brought  about  by 
the  discharge  of  impulses  along  the  motor  nerves  at  rates  of 
from  5  to  50  per  second.  At  the  lower  rates  the  contraction  is 
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an  incomplete  tetanus,  but  at  the  higher  frequency  complete 
fusion  of  the  contractions  results  (see  also  p.  522). 

Treppe  or  the  “  staircase  ”  phenomenon.  When  a  muscle  is 
stimulated  repeatedly  at  regular  intervals,  the  first  few  contrac¬ 
tions  of  the  series  increase  successively  in  amplitude.  This  phe¬ 
nomenon  has  already  been  described  for  heart  muscle  (p.  170). 
It  is  due,  apparently,  to  the  beneficial  effect  exerted  upon  the 


Fig.  11-24  niu.strating  treppe,  contracture  and  fatigue.  The  muscle 
was  stimulated  at  intervals  of  one  second.  The  contractions  are  very 
close  together  because  the  kymograph  drum  was  moving  slowly.  (After 
Howell.) 

irritability  of  the  muscle  by  the  chemical  products  of  the  first 
few  contractions,  and  by  the  rise  iti  temperature  (Fig.  11-24). 

The  effect  of  loading  upon  the  contraction  of  a  muscle.  A 
muscle  contracts  more  forcibly  if  suitably  loaded.  The  increase 
in  the  height  of  the  contraction  increases  up  to  a  point  with 
each  weight  which  is  added  to  the  scale  pan  suspended  from 
the  muscle  as  shown  in  Figure  11-19,  page  532.  The  force  of 
the  contractions  then  decreases  again  as  the  load  is  gradually 
increased  (Fig.  11-29,  P-  544)-  For  an  isolated  frog’s  muscle 
the  maximum  height  is  attained  at  a  loading  weight  of  between 
30  and  50  grams.  When  a  loaded  muscle  is  stimulated  to  con¬ 
tract,  the  first  effect  is  a  sudden  lengthening  of  the  muscle 
fibers.  This  sudden  stretch  causes  tension  in  the  muscle  which 
is  immediately  followed  by  shortening.  The  stretching  of  the 
fibers  in  some  way  enables  the  muscle  to  mobilize  more  energy 
than  is  possible  for  the  unweighted  muscle.  We  have  seen  the 
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same  phenomenon  in  the  case  of  cardiac  muscle  (p.  209). 
Throughout  the  shortening  of  the  muscle  the  tension  remains 
constant.  This  type  of  contraction  is  therefore  called  isotonic 
(G.  isos,  equal  +  tonus,  tension).  But  if  the  muscle  is  loaded 
with  a  weight  which  it  is  unable  to  lift,  or  is  attached  to  a  stiff 
spring  which  it  cannot  bend,  only  a  very  slight  shortening  of 
the  muscle  fibers  can  occur.  Such  a  contraction  is  called  iso¬ 
metric  (G.  isos,  equal  -)-  metron,  measure). 

Fatigue.  If  direct  stimulation  of  an  excised  muscle;  — that 
is,  with  the  electrodes  placed  upon  the  muscle  — be  continued 
after  the  contractions  have  reached  their  maximum  amplitude, 
the  irritability  of  the  muscle  gradually  becomes  depressed,  due 
to  the  accumulation  of  lactic  acid  (Fig.  11-25).  The  concentra- 


Fig.  11-25  Showing  the  effect  of  oxygen  lack  upon  the  onset  of  fatigue. 
Records  from  a  pair  of  sartorius  muscles  of  frog,  stimulated  at  one  sec¬ 
ond  intervals.  A,  in  nitrogen;  B,  in  oxygen.  (After  Fletcher.) 


tion  of  lactic  acid  at  which  loss  of  irritability  of  the  muscle  oc¬ 
curs,  and  at  which  it  fails  to  respond  to  stimulation,  is  around 
0.5  per  cent. 

The  onset  and  development  of  this  state  of  fatigue  are  more 
rapid,  the  higher  the  rate  of  stimulation.  Isolated  muscle,  or 
one  in  the  intact  animal  the  blood  supply  of  which  has  been 
occluded,  also  fatigues  more  rapidly  than  one  receiving  an 
adequate  oxygen  supply.  Oxygen  is  required  for  the  removal 
of  the  lactic  acid  produced  during  contraction.  In  the  muscle 
deprived  of  its  blood  supply  this,  of  course,  does  not  readily  oc- 
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cur.  Lactic  acid  accumulates,  and  it  is  to  such  accumulation 
that  the  loss  of  irritability  of  the  muscle  is  attributed  (see 
p.  210). 

When  a  muscle  is  stimulated,  not  directly,  but  through  its 
nerve,  fatigue  supervenes  much  sooner  —  long  before  the  lactic 
acid  concentration  has  reached  the  value  at  which  it  depresses 
muscular  irritability.  We  know  that  nerve  is  highly  resistant 
to  fatigue.  There  must,  then,  be  a  third  structure  or  tissue  in 


Fig.  11-26  Illustrating  the  ready  fatigability  of  the  myoneural  junc¬ 
tion,  i.e.,  before  the  muscle  itself.  The  muscle  was  stimulated  through 
its  nerve  to  the  arrow,  S,  and  then  directly. 


the  nerve-muscle  preparation  which  is  peculiarly  susceptible 
to  fatigue;  this  is  the  junction  between  nerve  and  muscle  —  the 
myoneural  function  —  which  exhibits  the  properties  of  a  syn¬ 
apse.  The  early  fatigability  of  the  myoneural  junction  can 
be  demonstrated  by  a  simple  experiment.  If  the  nerve  to  the 
muscle  is  stimulated  repeatedly  until  the  muscle  fails  to  re¬ 
spond,  a  stimulus  of  the  same  strength  as  before  applied  di¬ 
rectly  to  the  muscle  causes  a  vigorous  contraction  (see  Fig. 
11-26). 

Contracture.  Under  certain  conditions  relaxation  of  the  mus¬ 
cle  takes  place  very  slowly;  it  may  remain  in  the  partially  con¬ 
tracted  state  for  a  considerable  length  of  time. ,  This  state  of 
the  muscle  is  referred  to  as  contracture.  If  a  muscle  in  a  state 
of  contracture  is  stimulated  at  relatively  long  intervals  it  re¬ 
sponds  by  further  shortening,  each  contraction  being  then  su¬ 
perimposed  upon  the  sustained  contraction  caused  by  the  pre¬ 
vious  stimulus.  Contracture  is  brought  about  by  the  action 
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of  certain  drugs,  especially  veratrine,  and  by  fatigue.  It  also 
sometimes  occurs  in  apparently  normal  muscle  during  the  first 
of  a  series  of  contractions  and  then  passes  off  (Fig.  11-24). 

The  effect  of  temperature  upon  muscular  contraction. 
Warming  a  muscle  causes  it  to  respond  more  rapidly  and  vig- 


30“ 


Fig.  ir-27  The  effect  of  temperature  upon  the  contraction  of  a  frog’s 
gastrocnemius  muscle.  Tracing  should  be  read  from  left  to  right.  Fig¬ 
ures  are  the  temperatures  (°C.)  of  the  salt  solution  in  which  the  muscle 
was  immersed.  (After  Pembrey  and  Phillips.) 

orously  to  stimulation.  Contraction  and  relaxation  phases  are 
both  shortened;  the  latent  period  is  also  of  shorter  duration. 
Lowering  the  temperature  of  the  muscle  exerts  the  opposite  ef¬ 
fect,  the  contraction  being  weaker  and  all  its  phases  lengthened. 
Cold-blooded  animals,  such  as  snakes  and  frogs,  vyhose  body 
temperature  varies  with  that  of  the  environment,  move  slug¬ 
gishly  therefore  in  cold  weather.  The  activity  of  mammals, 
on  the  other  hand,  whose  muscles  are  maintained  at  a  constant 
temperature  of  around  98.5°  F.,  is  not  influenced  by  changes 
in  the  temperature  of  the  environment.  Nevertheless,  the  more 
efficient  action  of  the  muscles  after  the  commenceinent  of  ex- 
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ercise  is  due,  in  part,  to  the  local  rise  in  temperature  resulting 
from  the  earlier  contractions.  “  Warming  up  ”  to  one’s  work 
is  a  familiar  expression  (Fig.  11-27). 

The  effect  of  temperature  upon  the  speed  of  muscular  con¬ 
traction  conforms  with  Van’t  Hoff’s  law,  which  states  that  the 
velocity  of  chemical  reactions,  which,  of  course,  are  the  basis  of 
muscular  contraction,  is  in¬ 
creased  to  between  two  and 
three  times  by  a  rise  in  tem¬ 
perature  of  10°  C. 

Muscle  is  inexcitable  at  very 
low  temperatures.  Frog’s  mus¬ 
cle,  for  example,  fails  to  re¬ 
spond  at  temperatures  of  from 
32  to  35°  F.  On  the  other 
hand,  at  an  excessively  high 
temperature  (105  to  110°  F. 
for  frog’s  muscle)  the  muscle 
proteins  are  coagulated,  and 
death  of  the  muscle  results. 

At  the  same  time,  the  muscle 
undergoes  pronounced  shortening  and  loses  its  natural  trans- 
lucency.  This  state  is  called  heat  rigor.  It  resembles  rigor 
mortis,  a  term  given  to  the  stiffening  of  the  muscles  of  the  body 
generally  which  occurs  in  from  one  to  seven  hours  after  death. 

Electrical  changes  in  muscle.  Like  nerve  and  other  excita¬ 
ble  tissues,  an  action  potential  is  developed  in  muscle  when  it 
contracts,  the  active  region  of  the  muscle  being  negative  to  the 
inactive  region.  A  current  of  injury  can  also  be  demonstrated 
when  one  electrode  is  placed  on  a  crushed  or  cut  end  of  the  mus¬ 
cle,  the  other  upon  the  uninjured  surface,  and  the  two  electrodes 
connected  through  a  galvanometer  (see  Fig.  11-8,  p.  513). 
The  action  current  or  the  current  of  injury  in  muscle  can  be 
used  to  excite  the  nerve  of  another  isolated  muscle.  This  so- 
called  rheoscopic  preparation  is  shown  in  Figure  11-28.  When 
the  nerve  of  muscle  A  {upper  sketch')  is  placed  so  that  one  part 
rests  upon  the  cut  surface  of  muscle  B,  and  another  part  of  the 


A 

B 


Fig.  1 1-28  The  rheoscopic  prepara¬ 
tion.  See  text. 
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nerve  is  made  to  touch  a  point  on  the  uninjured  surface  of  B,  a 
slight  twitch  of  A  occurs  each  time  the  contact  is  made.  Simi¬ 
larly,  if  B  (lower  sketch)  is  stimulated  to  contract,  a  twitch  of 
A  occurs  as  the  wave  of  contraction  passes  beneath  a  nerve 
which  touches  the  contracting  muscle  at  two  points. 

Muscular  work  and  efficiency.  W ork,  as  defined  by  the  phys¬ 
icist,  is  the  product  of  the  load  (expressed  in  grams,  kilograms, 
or  pounds)  and  the  vertical  distance  (in  millimeters,  centi¬ 
meters,  meters,  or  feet)  through  which  it  is  raised.  According 


Fig.  11-29  Diagram  to  .show  the  method  of  measuring  mu.scle  work. 
Heights  of  contractions  along  vertical  lines,  weights  in  grams  along  the 
horizontal  line.  (After  McKendrick.) 

to  the  units  of  distance  and  weight  employed,  the  work  is  ex¬ 
pressed  in  grammillimeters,  gramcentimeters,  kilogrammeters, 
or  foot-pounds. 

The  isolated  muscle  can  be  made  to  perform  work  by  stim¬ 
ulating  it  to  contract  and  lift  a  weight.  A  load  of  a  known 
weight  is  attached  to  the  lever  at  the  point  of  attachment  of  the 
muscle,  which  is  then  stimulated.  The  height  above  the  base¬ 
line  of  the  tracing  inscribed  by  the  lever  is  measured.  This 
measurement,  however,  is  not  the  actual  distance  through 
which  the  weight  has  been  raised,  for  the  shortening  of  the 
muscle  has  been  magnified  by  the  lever.  The  distance  as  meas¬ 
ured  must,  therefore,  be  divided  by  the  magnification  of  the 
lever,  which  is  usually  five. 

The  work  performed  by  the  gastrocnemius  muscle  of  the 
frog  is  most  suitably  expessed  in  grammillimeters.  For  ex¬ 
ample,  a  muscle  which  lifts  a  weight  of  one  gram  to  a  height 
of  two  millimeters  does  two  grammillimeters  of  work.  The 
rnuscle  when  loaded  with  a  heavier  weight  may  not  raise  it  so 
high,  yet  may  do  more  work.  Thus,  if  it  lifts  a  weight  of  four 
grams  only  one  millimeter  it  does  four  grammillimeters  of 
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work.  Starting  with  a  light  load  and  gradually  adding  to  it  for 
a  number  of  successive  contractions,  it  is  found  that  the  work 
performed  increases  up  to  a  maximum  and  then  falls  off.  There 
exists,  therefore,  an  optimum  load,  that  is,  a  load  with  which 
the  muscle  performs  the  maximum  amount  of  work  (see  Fig. 
11-29).  Since  the  work,  as  just  defined,  is  the  product  of  the 
load  and  the  lift,  no  work  is  done  by  an  unloaded  muscle  when 
it  contracts ;  nor  by  one  which  contracts  against  a  weight  which 
it  is  unable  to  lift.  In  both  these  instances,  however,  there  is 
an  expenditure  of  energy  which  is  derived  from  chemical  proc¬ 
esses  taking  place  in  the  muscle;  all  of  this  energy  appears 
ultimately  as  heat. 

The  fibers  of  a  muscle  contracting  against  a  resistance,  such  as 
a  weight  which  it  cannot  move  or  a  stiff  spring  which  it  cannot 
bend,  of  course  do  not  shorten.  The  tension  within  the  mus¬ 
cles  increases,  however.  Such  a  contraction  is  called  isometric 
(G.  isos,  same  +  metron,  measurement).  An  isotonic  con¬ 
traction,  on  the  other  hand,  is  one  in  which  the  muscle  shortens, 
but  its  tension  remains  constant  throughout.  In  the  body  both 
types  of  contraction  take  place.  The  isometric  type  is  seen  in 
those  muscles  which  maintain  the  body’s  posture,  such  as  the 
extensors  on  the  front  of  the  thigh.  These  exert  a  constant  pull 
upon  the  leg,  and  thus  hold  the  limb  m  the  extended  position 
to  afford  a  firm  support  for  the  body.  The  movements  of  the 
limbs,  as  in  walking,  lifting  objects  with  the  hands,  or  throw¬ 
ing  a  ball  are  brought  about  by  isotonic  contractions. 

Of  the  total  energy  expended  by  any  machine,  a  part  appears 
as  mechanical  work,  the  remainder  being  dissipated  as  heat. 
The  efficiency  of  the  machine  is  defined  as  the  percentage  of  the 
total  energy  which  appears  as  work.  Thus: 


Efficiency  = 


work 

total  energy  (work  +  heat) 


As  mentioned  above,  a  muscle  contracting  isometrically  or 
without  a  load  performs  no  work,  all  the  energy  is  dissipated 
as  heat.  Gmtracting  with  an  optimum  load,  on  the  other 
hand,  muscle  has  an  efficiency  of  from  25  to  30  per  cent,  which 


546  THE  PHYSIOLOGY  OF  NERVE  AND  MUSCLE 

compares  favorably  with  that  of  the  best  type  of  gasoline  en¬ 
gine.  By  measuring  the  heat  produced  by  a  muscle  during  its 
contraction  and  the  work  done,  its  efficiency  can  be  readily  cal¬ 
culated  from  the  equation  given  above.  In  making  the  calcula¬ 
tion,  the  energy  appearing  as  work  and  as  heat  must,  of  course, 
be  expressed  in  the  same  units.  We  may  express  the  work  in 
heat  units  (e.g.,  microcalories).  Now,  the  heat  equivalent  of  a 
grammillimeter  is  .00235  microcalorie.  Therefore,  if  the  heat 
produced  is  8.4  microcalories,  and  the  work  performed  is  1200 
grammillimeters,  then  the  total  energy  expenditure  expressed 
as  heat  can  be  calculated  as  follows; 

Heat  produced  =  8.4  microcalories 

Work  =  1 200  grammillimeters 

Heat  equivalent  of  the  work  =  1200  x  .00235  =  2.8  micro- 

calories 

The  total  energy  expenditure  is,  therefore,  8.4 -|- 2.8  — 11.2 
microcalories.  The  efficiency  is  =  25  per  cent 

The  chemical  constitution  of  muscle.  Fresh  muscular  tissue, 
which  composes  the  lean  part  of  beef,  pork,  etc.,  contains  about 
20  per  cent  of  protein  and  around  75  per  cent  of  water.  The 
remaining  5  per  cent  is  made  up  of  minerals  and  various  or¬ 
ganic  compounds  (glycogen,  glucose,  lipids,  steroids,  and  non¬ 
protein  nitrogenous  compounds) .  The  principal  mineral  in  the 
muscle  cell  (fiber)  is  potassium,  which  has  a  concentration  of 
around  400  milligrams  per  too  grams;  magnesium,  phosphorus, 
sodium,  and  calcium  are  present  in  much  lower  concentrations. 
The  chief  nonprotein  nitrogenous  substances  are  creatine,  phos- 
phocreatine,  adenosinetriphosphate ,  carnosine,  and  urea.  The 
main  proteins  composing  the  contractile  elements  of  muscle 
(the  micellae)  are  myosin  and  actin.  These  two  proteins  are 
in  very  close  functional  association  in  the  micellae;  the  com¬ 
bination,  known  as  actomyosin,  is  of  essential  importance  in  the 
contractile  process. 

The  pigment  of  muscle,  called  myoglobin  or  muscle  hemo- 
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globin,  is  closely  allied  chemically,  as  well  as  in  function,  to 

hemoglobin. 

The  chemistry  of  imiscular  contraction.  Muscle  derives  the 

energy  for  its  contraction,  ultimately,  from  the  combusdon  of 
carbohydrate;  in  the  final  step  of  this  process  oxygen  is  con¬ 
sumed  and  carbon  dioxide  (CO2)  and  water  (H2O)  produced. 
The  actual  contraction  of  the  muscle,  however,  is  brought  abopt 
by  the  explosive  separation  of  a  molecule  of  phosphoric  acid 
from  adenosinetriphosphate  (abbr.  ATP),  a  compound  com¬ 
posed  of  adenylic  acid  (a  nucleotide,  p.  400)  and  three  mole¬ 
cules  of  phosphoric  acid.  Adenosinediphosphate  (ADP)  is 
thus  formed.  This  reaction  is  the  very  first  to  occur  when  the 
muscle  fiber  contracts.  The  molecule  of  phosphoric  acid  split 
off  from  ATP  combines  with  glycogen  present  in  the  muscle 
fiber.  Instantaneously  with  the  acquisition  of  phosphoric  acid, 
the  glycogen  splits  off  a  molecule  of  phosphorylated  glucose 
called  glucose  phosphate  which  is  converted  through  a  series 
of  intermediate  reactions  to  fructose  diphosphate  (i.e.,  fructose 
combined  with  two  molecules  of  phosphoric  acid).  The  fruc¬ 
tose  diphosphate  passes  through  a  series  of  complicated  reac¬ 
tions  to  form  lactic  acid.  After  the  transfer  of  phosphorus 
from  ATP  to  glycogen  and  the  formation  of  ADP,  phospho- 
creatine  splits  into  creatine  and  phosphoric  acid.  The  liberated 
phosphorus  is  taken  up  by  ADP  and  ATP  reformed,  thus: 

phosphocreatine - >■  creatine  -1-  phosphoric  acid 

phosphoric  acid  +  ADP - >■  ATP 

The  conversion  of  ATP  to  ADP  as  just  stated  is  the  immedi¬ 
ate  source  of  the  energy  for  the  contraction  of  the  muscle  fiber. 
From  the  breakdown  of  phosphocreatine  is  derived  the  energy 
for  the  reformation  of  ATP  from  phosphoric  acid  and  ADP. 
Phosphocreatine  is  also  resynthesized,  the  energy  for  the  resyn¬ 
thesis  being  derived  from  the  breakdown  of  glucose  phosphate 
to  lactic  acid. 

Of  the  lactic  acid  produced,  one  fifth  is  oxidized  to  carbon 
dioxide  and  water.  The  remainder  (four  fifths)  is  resynthesized 
to  glycogen  in  the  liver,  muscles,  and  other  tissues  of  the  body. 
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Each  of  the  several  chemical  reactions  described  above  is  de¬ 
pendent  upon  a  specific  enzyme.  Only  one  of  these  need  be 
referred  to,  and  it  will  be  spoken  of  later. 

The  removal  of  phosphoric  acid  from  ATP  and  its  resyn¬ 
thesis,  as  well  as  the  breakdown  of  phosphocreatine,  can  be 
carried  out  in  the  absence  of  oxygen.  The  breakdown  of  glu¬ 
cose  phosphate  to  lactic  acid  and  the  resynthesis  of  phospho¬ 
creatine  can  only  occur  in  the  presence  of  oxygen.  There  are, 
therefore,  two  phases  in  the  contractile  process,  a  nonoxidative, 
anaerobic,  or  contraction  phase  and  an  oxidative,  aerobic,  or 
recovery  phase.  This  latter  is  necessary  to  restore  energy- 
producing  substances  and  permit  continued  contraction  of  the 
muscle." 

In  so  far  as  its  energy  relationships  are  concerned,  the  mus¬ 
cle  fiber  has  been  compared  to  a  submarine  which,  while  sub¬ 
merged,  is  driven  by  energy  stored  in  electric  batteries,  oxygen 
being  not  required;  this  period  corresponds  to  the  anaerobic 
phase  of  the  process  in  the  muscle.  The  batteries  are  re¬ 
charged  when  the  submersible  reaches  the  surface,  oxygen  be¬ 
ing  then  necessary.  This  corresponds,  to  the  aerobic  or  recov¬ 
ery  phase  of  the  muscle. 

Though  it  will  be  clear  from  the  foregoing  account  that  the 
reactions  leading  to  lactic  acid  formation  are  required  for  the 
continued  activity  of  muscle,  contractions,  nevertheless,  can 
proceed  for  a  time  after  the  production  of  lactic  acid  has  been 
entirely  suppressed;  the  reaction  is  therefore  not  essential  for 
the  actual  contraction.  The  production  of  lactic  acid  from  the 
breakdown  of  carbohydrate  in  the  isolated  muscle  can  be  pre¬ 
vented  by  treating  it  with  a  drug  called  sodium  iodoacetate , 
yet  the  muscle  so  treated  responds  to  stimulation  for  some  time, 
or  until  the  phosphocreatine  store  of  the  muscle  is  exhausted. 
But  phosphocreatine  cannot  be  reformed,  since  the  energy  for 

.  “  A  muscle  deprived  o£  oxygen  (i.e.,  in  an  atmosphere  of  nitrogen)  is,  there- 
fore,  capable  of  responding  to  stimulation  for  a  considerable  time.  Lactic  acid,  how¬ 
ever,  IS  not  removed  by  oxidation  and  resynthesis  to  glycogen,  but,  accumulating, 
reduces  the  irritability  of  the  muscle.  The  concentration  of  lactic  acid  at  which  the 
muscle  fails  to  respond  is  around  0.5  per  cent.  This  is  called  the  lactic  acid  maxi> 
mum.  When  oxygen  is  supplied  to  a  muscle  fatigued  by  repeated  stimulation  in 
nitrogen,  the  lactic  acid  is  removed  and  the  irritability  of  the  muscle  restored. 
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the  resynthesis  is  derived  from  the  glycogen  to  lactic  acid  reac¬ 
tion.  A  muscle  poisoned  by  iodoacetate  obviously  cannot  con¬ 
tinue  to  respond  for  as  long  a  time  as  can  a  normal  muscle. 
The  glycogen  to  lactic  acid  reaction,  therefore,  though  not  di¬ 
rectly  responsible  for  the  contraction,  serves,  as  it  were,  to  “  re¬ 
wind  ”  the  contractile  mechanism  —  to  “  set  the  trigger  ”  for 
the  next  contraction.  Carbohydrate,  then,  is  the  ultimate  source 
of  the  energy  for  the  activity  of  the  isolated  muscle. 

The  following  table  presents  a  summary  of  the  chemical 
changes  occurring  during  and  immediately  after  its  contraction. 

(a)  Adenosinetriphosphate  [  phosphoric  acid  immediate 

(ATP)  \  d-  energy  for 

[  adenosinediphosphate  (ADP)  contraction 

(b)  Phosphocreatine  f  creatine  energy  for  re- 

-f"  synthesis  of 

[  phosphoric  acid  ATP  (ADP  -r 


(c)  Glycogen  to  lactic  acid  through 

glucose  phosphate,  fructose 
diphosphate  and  a  number 
of  enzymatic  reactions 

(d)  Oxidation  of  J  lactic  acid 

produced 


The  transformation  by  the  muscle  fiber  of  chemical  energy 
into  mechanical  energy  resulting  in  movement  The  shorten¬ 
ing  (contraction)  of  the  micellae  is  the  fundamental  mechani¬ 
cal  change' which  occurs  in  the  muscle  fiber  when  it  is  excited 
to  contract.  We  must  now  consider  the  possible  way  in  which 
the  loss  of  a  molecule  of  phosphoric  acid  from  adenosinetriphos¬ 
phate  brings  about  this  change.  The  contraction  of  a  whole 
muscle  is  simply  the  sum  of  the  shortening  taking  place  in  mil¬ 
lions  of  micellae  which  the  muscle  contains,  and  it  is  strongly 
suggested  that  the  shortening  of  the  micellae  is  due,  in  turn,  to 
the  shortening,  by  folding  or  rolling  up,  of  the  long  chains  of 
molecules  constituting  the  muscle  proteins  (Fig.  11-30). 

In  the  ultramicroscopic  study  of  proteins  of  hair  (e.g.,  wool, 


phosphoric 

acid) 

energy  for  re¬ 
synthesis  of 
phospho¬ 
creatine 
energy  for  re¬ 
synthesis  of  re¬ 
mainder  (f)  of 
lactic  acid  to 
glycogen 
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feathers,  etc.),  it  has  been  foond  that  their  molecules  are  ar¬ 
ranged  in  long  roughly  parallel  and  more  or  less  folded  chains. 
The  hair  can  be  lengthened  by  stretching  it;  when  released  it 
returns  to  its  original  length.  This  property  of  such  structures 
is  due,  it  is  believed,  to  the  unfolding  and  refolding,  like  a  con- 
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Fig.  11-30  Showing  a  myosin  molecule  in  an  ex¬ 
tended  (I)  and  in  a  folded  or  contracted  state  (II). 


certina,  of  the  long  amino-acid  chains  of  its  constituent  protein. 
When  heated,  or  treated  with  a  strong  chemical,  the  natural 
condition  of  the  protein  in  the  hair  is  altered;  the  hair  is  per¬ 
manently  shortened  and  its  inherent  elasticity  destroyed  as  a 
result  of  the  tight  irreversible  folding  of  the  amino-acid  chains 
of  its  proteins.  Thus  is  explained  the  shrinkage  of  woollen 
fabrics. 

Now,  myosin,  like  the  fibrous  proteins  of  wool  and  other 
hairs,  is  composed  of  long  chains  of  amino-acid  molecules,  A 
chemical  change  in  the  environment  of  the  molecules  (brought 
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about  by  the  splitting  of  a  phosphoric  acid  group  from  adeno- 
sinetriphosphate  it  is  supposed)  causes  folding  of  the  molecular 
chains  and,  as  a  consequence,  shortening  of  the  micellae.  When 
the  chemical  conditions  which  induced  shortening  of  the  mi¬ 
cellae  have  disappeared,  the  latter  return  to  their  previous 
length;  the  muscle  fiber  relaxes. 

A  chain-like  molecule  of  a  fibrous  protein  in  the  folded  (con¬ 
tracted)  and  in  the  unfolded  (relaxed)  state  is  shown  in  Fig¬ 
ure  11-30. 

Myosin,  an  enzyme.  The  surprising  discovery  was  made  a 
few  years  ago  (1939)  that  myosin  —  one  of  the  essenFiaT  pro- 
teins  in  the  muscle  fiber,  and  which,  with  actin,  largely  com¬ 
poses  the  micellae  —  appears  to  be  itself  an  enzyme  required 
fnr  the  splitting,  with  lightning-like  rapidity,  of  adenosinetn- 
phosphate.“ 

As  a  machine  the  muscle  fiber  is  unique.  There  is  no  man¬ 
made  mechanical  device  with  which  it  can  be  compared  satis¬ 
factorily.  An  analogy  has  been  drawn  between  it  and  the  in¬ 
ternal  combustion  engine  in  which  the  firing  of  a  mixture  of 
gas  and  air  moves  a  piston.  The  analogy  would  be  closer  if 
an  engine  were  conceived  in  which  the  spark  which  ignites  the 
gas  mixture  and  the  piston  were  one  and  the  same.  A  piston 
raised  to  a  high  temperature  would,  in  a  way,  be  comparable  to 
myosin,  for  this  protein,  being  the  moving  part  of  the  muscle 
as  well  as  an  enzyme  through  which  the  initial  energy  is  liber¬ 
ated,  corresponds  to  both  piston  and  spark.  But  the  muscle 
fiber  is  not,  like  the  gasoline  motor,  a  heat  engine  utilizing  the 
pressure  generated  by  heated  gas  molecules  for  power.  Muscle 
gains  the  energy  for  its  contraction  largely  from  the  bonds 
which  hold  certain  phosphoric  acid  groups  to  organic  com¬ 
pounds,  such  as  adenosinetriphosphate  and  phosphocreatine. 

Heat  production  in  muscle.  It  has  been  mentioned  that  dur¬ 
ing  the  isometric  contraction  of  muscle,  the  total  energy  ex¬ 
pended  appears  as  heat.  The  heat  production  is  divided  into 
two  phases,  termed  the  initial  heat  and  the  recovery  heat.  The 

3  Following  the  usual  practice  o£  naming  enzymes,  myosin  is  also  known  as 
adenosinetriphosphatase. 
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initial  heat  comprises  the  heat  produced  in  chemical  reactions 
during  the  contraction  of  the  muscle  {contraction  heat)  to¬ 
gether  with  a  smaller  quantity  which  appears  during  relaxa¬ 
tion  {relaxation  heat).  The  latter  results  from  the  conversion 

Inltia! 


Stim, 

Fig.  11-31  Diagram  showing  the  stages  of  heat  production  by  muscle 
during  and  following  a  short  tetanic  contraction.  The  three  rectangles 
represent  the  initial  heat,  i,  heat  produced  at  the  commencement  of 
the  contraction;  2,  that  produced  during  the  maintenance  of  the  con¬ 
traction;  3,  relaxation  heat;  4,  recovery  heat.  (After  Evans,  Recent  Ad- 
vances  in  Physiology.) 

to  heat  of  the  energy  exhibited  as  tension  during  the  contraction 
phase.  The  initial  heat  is  produced  during  the  anaerobic  phase 
of  the  contractile  process ;  it,  but  not  the  recovery  heat,  is  there¬ 
fore  generated  by  a  muscle  contracting  in  nitrogen.  The  re¬ 
covery  heat  appears  after  relaxation  is  over,  and  is  due  mainly 
to  the  oxidation  of  lactic  acid  (Fig.  11-31). 

The  phases  of  heat  production  are  summarized  in  the  fol¬ 
lowing  table; 

1.  Initial  heat  =  45%  of  the  total  heat, 

a.  Contraction  heat  65%  of  the  initial  heat, 

b.  Relaxation  heat  35%  of  the  initial  heat. 

2.  Recovery  heat  =  55%  of  the  total  heat. 

The  Physiology  of  Muscular  Exercise 

Oxygen  debt.  In  strenuous  muscular  exercise  of  brief  duration 
only  a  fraction  of  the  oxygen  required  for  the  recovery  phase 
of  the  contracting  muscles  is  breathed  during  the  course  of  the 
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exercise.  For  example,  the  oxygen  requirement  for  a  race  of 
100  yards,  which  takes  only  a  few  seconds  to  run,  is  6  liters  or 
more.  Yet  the  quantity  of  oxygen  which  can  be  absorbed  in 
this  time  is  less  than  i  liter.  Indeed,  a  short  race  can  be  run 
with  the  breath  held.  In  other  words,  the  sprinter  goes  into 
debt  for  oxygen  during  the  race,  and  pays  up  later.  Thus 
the  oxygen  consumption  after  the  exercise  period  is  much 
higher  than  during  an  ordinary  period  of  rest.  The  extra  oxy¬ 
gen  is  utilized  in  the  removal  of  the  lactic  acid  produced  during 
the  exercise.  The  size  of  the  oxygen  debt  for  any  piece  of  work 
is  determined  by  measuring  the  oxygen  consumption  of  the 
after-period  of  exercise,  and  subtracting  from  the  result  the  fig¬ 
ure  for  the  oxygen  consumption  of  a  corresponding  period  of 
rest.  During  very  strenuous  muscular  effort  the  oxygen  debt 
may  amount  to  15  liters  or  more. 

The  ability  of  the  muscles  to  contract,  without  receiving  the 
full  oxygen  requirement  until  the  work  has  been  completed, 
has  an  obvious  advantage.  Short  periods  of  strenuous  exercise 
can  be  undertaken  which  would  otherwise  be  impossible,  for 
the  respiratory  and  circulatory  systems  are  quite  unequal  to  the 
task  of  furnishing,  during  the  exercise,  the  great  volume  of  oxy¬ 
gen  which  is  ultimately  used  in  the  recovery  process.  The 
maximum  quantity  of  oxygen  that  can  be  delivered  |o  and  con¬ 
sumed  by  the  tissues  of  a  large  healthy  man  is  not  more  than 
about  2  liters  per  minute  and,  of  most  persons,  considerably 
less  than  this. 

In  light  exercise  no  oxygen  debt  is  incurred.  The  lactic  acid 
is  removed  as  it  is  produced;  in  other  words,  the  body,  in  so  far 
as  oxygen  consumption  is  concerned,  “  pays  as  it  goes.”  Lactic- 
acid  production  and  its  removal  are  nicely  balanced;  a  “  steady 
state”  is  established.  At  this  time  a  person  engaged  in  an 
athletic  performance  of  some  duration,  such  as  running,  row¬ 
ing,  etc.,  breathes  with  less  effort.  As  the  expression  goes  he 
has  got  his  “  second  wind.” 

The  source  of  the  energy  for  muscular  work.  We  have  seen 
that  the  energy  for  the  contraction  of  the  isolated  muscle  is  ulti¬ 
mately  derived  from  carbohydrate.  Glycogen  is  broken  down 
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through  glucose  phosphate  and  fructose  diphosphate  to  lactic 
acid.  In  the  numerous  studies  of  the  respiratory  exchanges  of 
the  isolated  gastrocnemius  muscle  of  the  frog  during  contrac¬ 
tion,  respiratory  quotients  of  i.o  (p.  387)  are  obtained.  In  the 
intact  animal  carbohydrate  is  also  the  fuel  for  short  bouts  of  mus¬ 
cular  exercise.  After  a  sprint,  for  example,  a  fall  in  blood  sugar 
may  occur,  and  the  ingestion  of  glucose  prior  to  a  race  is  now 
recognized  as  a  valuable  means  of  postponing  fatigue  and  en¬ 
hancing  muscular  performance.  In  prolonged  and  exhausting 
work  the  carbohydrate  stores  become  depleted;  fat  is  then 
burned  to  furnish  the  required  energy.  Protein  apparently  is 
not  utilized  in  muscular  exercise,  or,  if  so,  to  a  very  small  extent. 

The  adjustments  in  the  respiratory  and  circulatory  systems  in 
muscular  exercise.  During  strenuous  muscular  effort  the  quan¬ 
tity  of  air  breathed  is  from  300  to  400  per  cent  greater  than  dur¬ 
ing  rest.  The  greater  pulmonary  ventilation  is  brought  about 
by  an  increase  in  the  respiratory  rate,  as  well  as  by  an  increase 
in  the  volume  of  each  breath.  The  increased  breathing  occurs 
at  the  very  outset  of  exercise;  indeed,  it  has  been  shown  in  ex¬ 
periments  upon  man  that  it  may  actually  anticipate  the  exercise 
by  a  brief  interval  —  that  is,  an  effect  upon  the  respirations  may 
be  noted  at  the  instant  a  signal  has  been  given  to  start  some 
muscular  act,  and  before  the  muscles  contract.  Changes  in 
heart  rate  and  blood  pressure  may  also  anticipate  the  contrac¬ 
tions  of  the  muscles.  The  influence  upon  the  respiratory  and 
circulatory  systems  at  the  commencement  of  or  preceding  the 
exercise,  is  due  to  impulses  from  psychic  levels  of  the  brain,  and 
probably  also  from  the  motor  area  of  the  cerebral  cortex,  upon 
the  centers  in  the  medulla.  The  efficiency  with  which  the  work 
is  performed  is  also  undoubtedly  influenced  by  emotional  fac¬ 
tors.  These  act  most  likely  by  bringing  about  more  perfect 
coordination  of  respiratory  and  circulatory  mechanisms,  but 
also,  probably,  through  a  direct  effect  upon  the  muscular  con¬ 
tractions  themselves.  A  man  is  spurred  to  greater  effort,  and 
is  a  more  effective  worker  if  the  work  interests  him,  than  if  he 
is  bored  with  it,  or  does  it  as  a  matter  of  routine.  In  emergen¬ 
cies  or  during  excitement  —  “  in  the  heat  of  the  moment  ”  — 
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feats  of  Strength  of  endurance  are  accomplished  which,  in  the 
absence  of  the  emotional  factor,  would  be  impossible.  It  is 
likely  that  adrenaline  liberated  into  the  blood  stream  through 
nervous  influences  plays  a  role  in  some  instances  (p.  464). 

If  the  exercise  is  severe,  chemical  factors  soon  come  into  play 
to  increase  the  pulmonary  ventilation.  The  production  of  lac¬ 
tic  acid  and  carbon  dioxide  in  the  muscles  causes  a  slight  in¬ 
crease  in  the  hydrogen  ion  concentration  of  the  blood  which 
acts  as  a  stimulus  to  the  respiratory  center.  The  greater  carbon 
dioxide  produced  by  the  exercise  is  thus  eliminated. 

The  adaptations  of  the  circulatory  mechanism  in  exercise  are 
of  a  highly  complex  nature.  The  blood  pressure  rises  to  from 
160  to  180  mm.  Hg,  as  a  result  of  constriction  of  the  vessels  in 
the  splanchnic  region.  The  carotid  sinus  depressor  reflex  is  in 
abeyance  or  neutralized  by  pressor  reflexes.  The  vessels  in  the 
muscles  themselves  dilate.  A  larger  proportion  of  the  blood 
volume  than  during  rest  is  diverted,  therefore,  to  the  active  mus¬ 
cles.  The  vasodilatation  in  the  muscles  is  due,  mainly,  to  chem¬ 
ical  substances,  namely,  carbon  dioxide  and  lactic  acid,  prod¬ 
ucts  of  the  contractile  process,  acting  directly  upon  the  vessels. 
Not  only  do  the  muscles  receive  a  greater  proportion  of  the 
total  blood  volume  during  exercise  than  during  rest,  but  as  a 
result  of  the  contraction  of  the  spleen  the  volume  of  circulating 
blood  may  be  increased  by  from  20  to  25  per  cent.  The  blood 
also  circulates  more  rapidly;  the  output  of  the  heart  and,  con¬ 
sequently,  the  quantity  of  blood  pumped  per  minute  through 
the  systemic  and  pulmonary  vessels,  is  increased  many  fold. 
In  a  large  robust  man  performing  arduous  work  the  output  of 
the  heart  may  amount  to  35  liters  (nearly  8  gallons)  or  more 
per  minute.  The  greater  cardiac  output  is  the  result  of  the 
greater  venous  return  —  that  is,  of  the  increased  volume  of 
blood  flowing  through  the  contracting  muscles  and  carried 
along  the  great  veins  to  the  right  side  of  the  heart. 

The  effect  of  muscular  exercise  upon  the  heart  rate  varies  in 
different  persons.  In  those  untrained  to  muscular  work  the 
heart  accelerates  markedly,  a  rate  of  from  no  to  120  per  minute 
being  not  unusual,  whereas  the  heart  of  the  athlete  may  show 
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little  or  no  acceleration  during  muscular  feats  of  a  highly  ex¬ 
acting  character,  such  as  sprinting  or  rowing.  Through  the 
respiratory  and  circulatory  mechanisms  just  described,  the 
maximum  load  of  oxygen  is  delivered  to  the  contracting  mus¬ 
cles.  The  oxygen  supply  is  further  augmented  through  the  ef¬ 
fect  which  the  carbon  dioxide  and  lactic  acid  produced  in  the 
muscle,  and  the  local  rise  in  temperature,  exert  upon  the  libera¬ 
tion  of  oxygen  from  oxyhemoglobin  (p.  275).  As  mentioned 
on  page  275,  increased  acidity  and  a  rise  in  temperature  cause 
the  hemoglobin  to  give  up  a  greater  part  of  its  oxygen  load. 

Athletic  training  causes  a  moderate  enlargement  of  the  nor¬ 
mal  heart.  The  enlargement  is  purely  physiological,  and  is 
commensurate  with  the  accompanying  increased  bulk  of  the 
skeletal  muscles.  Enlargement  (dilatation  and  hypertrophy) 
of  the  heart  occurs  when  the  heart  is  damaged;  and  athletes, 
like  anyone  else,  may  be  subjects  of  cardiac  disease.  Because 
some  athletes  have  shown  cardiac  dilatation  and  hypertrophy 
or  other  evidence  of  heart  disease,  it  used  to  be  thought  that 
athletics,  if  engaged  in  too  enthusiastically,  led  to  heart  dis¬ 
ease.  It  is  now  generally  admitted,  however,  that  the  well- 
conditioned  heart  of  the  young  adult  is  not  damaged  by  even 
strenuous  exercise.  The  skeletal  muscles  fatigue  before  a 
healthy  heart.  In  other  words,  the  heart  free  from  disease  can 
perform  the  greatest  task  which  is  ever  demanded  of  it.  The 
work  of  the  heart  consists  in  discharging  the  blood  conveyed  to 
it,  and  the  skeletal  muscles  are  not  capable  of  driving  enough 
blood  along  the  veins  to  tax  its  powers.  On  the  other  hand,  a 
person  with  a  diseased  heart,  should  he  indulge  in  strenuous 
exercise,  runs  a  serious  risk,  if  not  of  inducing  cardiac  failure, 
of  at  least  causing  serious  damage  to  his  heart.  In  persons  after 
rniddle  age,  the  state  of  the  heart  is  always  an  unknown  quan¬ 
tity,  and  for  this  reason  excessive  muscular  effort  should  be 
avoided. 


Chapter  12 
THE  CENTRAL 
NERVOUS  SYSTEM 


The  structure  of  nervous  tissue.  The  brain  and  spinal  cord 
are  composed  of  nerve  cells  with  their  processes  the  nerve 
fibers  —  and  neuroglial  cells.  The  bodies  of  the  nerve  cells,  and 
their  processes  for  a  short  distance  from  their  origin,  compose 
the  gray  matter  of  the  central  nervous  system.  The  nerve  fibers, 
collected  into  bundles  or  tracts,  constitute  the  white  matter. 
Neuroglial  cells  perform  no  essential  nervous  function;  they 
form  a  supporting  framework  for  the  nervous  elements  proper. 
There  are  three  types  of  neuroglial  cells,  called,  respectively, 
oligodendroglia  (or  oligodendrocytes),  astrocytes,  and  microglia 
(see  Fig.  12-1). 

The  nerve  cell  or  neuron  is  the  structural  unit  of  the  nervous 
system.  It  consists  of  a  body  and  one  or  more  processes.  The 
cell  bodies  in  different  parts  of  the  nervous  system^vary  widely 
in  size  (4  to  25  microns)  and  in  shape  (triangular,  multiangu- 
lar,  round,  spindle-  or  pear-shaped).  In  respect  to  theur  inter¬ 
nal  structure,  however,  all  possess  certain  characteristics  in  com¬ 
mon.  The  typical  nerve  cell  has  a  relatively  large  globular 
nucleus  situated  near  the  center  of  the  cell  and  containing,  as  a 
rule,  a  single  nucleolus.  The  cytoplasm,  or  perikaryon  — 
that  is,  the  part  of  the  body  of  the  cell  exclusive  of  the  nucleus  — 
'shows,  after  suitable  staining  procedures,  fine  fibrils  — the 
neuro-fibrils.  These  course  through  the  cell  body  from  pole  to 
pole,  sweeping  around  the  nucleus.  Their  presence  in  the  nerve 
fiber  has  been  mentioned  on  page  504.  When  stained  with  an 
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appropriate  basic  dye,  the  cytoplasm  of  the  nerve  cell  exhibits 
a  striated  or  mottled  appearance,  due  to  the  presence  of  irregu¬ 
larly  shaped  particles,  resembling  the  chromatic  material  of  the 
nucleus.  These  particles  are  called  Nissel  bodies  or  (from  their 
tendency  to  be  arranged  in  rows,  thus  suggesting  a  tiger’s 
stripes)  tigroid  bodies  or  the  tigroid  substance  (see  Fig.  12-2). 


In  1949  Dr.  Murray  Barr  made  the  astonishing  discovery  that 
the  nerve  cells  of  female  animals  could  be  distinguished  his¬ 
tologically  from  those  of  males.  The  nucleolus  in  the  nerve  cells 
of  females  shows  a  minute  round  body  adjacent  to  it.  This 
nucleolar  satellite,  as  it  has  been  termed,  is  not  found,  ex¬ 
cept  very  rarely,  in  the  nerve  cells  of  males. 

A  nerve  cell  possesses,  as  a  rule,  many  processes  which  vary 
very  widely  in  length,  thickness  and  general  appearance,  ac¬ 
cording  to  the  type  of  cell.  These  processes  are'  of  two  kinds 
called,  respectively,  dendrites  and  axons.  The  dendrites  which 
are  usually  multiple,  though  they  may  be  single  or  even  absent, 
conduct  impulses  toward  the  body  of  the  cell;  the  axon  conducts 
from  the  cell  body.  A  typical  dendrite  has  many  branches  (G. 
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dendron,  a  tree),  whereas  the  axon,  which  usually  arises  from 
the  opposite  pole  of  the  cell  is,  as  a  rule,  a  long  slender  fiber 
with  no  branches  near  the  cell  body;  it  branches  near  its  ter¬ 
mination,  or  it  may  give  off  twigs  at  intervals  along  its  length 
and  more  or  less  at  right  angles  to  it.  The  axon  is  always  single. 

The  processes  of  nerve  cells  constitute  the  fibers — both 
motor  and  sensory  —  making  up  the  white  matter  of  the  brain 
and  spmal  cord  and,  gathered  into  bundles,  compose  the  pe¬ 
ripheral  nerve  trunks.  Thus,  some  processes,  such  as  those 
extending  from  the  lower  part  of  the  spinal  cord  to  the  toes 
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are,  in  man,  three  or  four  feet  long.  Structurally,  there  is  noth¬ 
ing  to  distinguish  these  two  types  of  long  nerve  fiber  from  one 
another. 

Neurons  are  linked  together  in  the  central  nervous  system, 
axon  to  dendrite  or  to  the  cell  body.  Through  the  formation 
in  this  way  of  chains  of  two  or  more  links,  long,  and  often  very 


intricate,  conducting  paths  are  established  in  the  nervous  sys¬ 
tem  (Fig.  12-3).  A  junction  between  the  axon  of  one  neuron 
with  a  dendrite  or  the  cell  body  of  another  is  called  a  synapse. 
There  is  no  actual  structural  union  of  two  neurons  at  the  syn¬ 
apse— merely  contact.  The  axon  terminates  in  a  small  swell¬ 
ing  called  an  end-foot  or  pied  terminal  which  is  applied  to  a 
dendrite  or  body  of  another  neuron  (Fig.  12-4). 

Reflex  Action 

A  nervous  reflex  is  an  involuntary  act  brought  about  by  the 
stimulation  of  an  afferent  nerve  ending  or  receptor  (p-  565). 
Familiar  examples  of  actions  which  are  purely  reflex  in  nature 
are  the  following:  the  quick  closure  of  the  eyelid  when  some  ob¬ 
ject  touches  the  eyelashes,  or  even  suddenly  approaches  and 
threatens  to  strike  the  eye;  the  sudden  withdrawal  of  the  hand 
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or  foot  when  it  is  painfully  stimulated;  the  sharp  recovery  of 
one’s  balance  when,  as  a  result  of  a  slip,  the  body’s  center  of 
gravity  is  suddenly  shifted;  and  the  jerk  of  the  leg  (knee  jerk, 
p.  571)  vyhen  the  patellar  tendon  is  tapped  sharply.  Though 
such  reflex  acts  are  brought  about  involuntarily,  we  are  aware 
that  they  have  occurred,  but  innumerable  reflex  acts  of  which 


Fig.  12-4  End-feet  (represented  by  small  black  ovals)  or  pieds  termi- 
neaux  making  contact  with  the  body  and  the  dendrites  of  a  nerve  cell; 

A,  axon;  D,  dendrites. 

we  are  quite  unconscious,  e.g.,  the  movements  of  the  gastro¬ 
intestinal  tract,  variations  in  heart  rate  and  respiration,  changes 
in  caliber  of  the  small  blood  vessels,  the  secretion  of  glands,  etc., 
are  continually  taking  place  in  the  body. 

The  reflex  arc.  The  structural  basis  of  reflex  action  is  the 
reflex  arc.  The  latter  may  be  described  in  its  simplest  conceiv¬ 
able  form  as  consisting  of  two  neurons,  linked  together  in  the 
central  nervous  system,  axon  to  dendrite  (see  Fig.  12-5).  The 
two  neurons  are  thus  arranged,  one  with  its  axon,  the  other 
with  its  dendrite,  directed  toward  the  periphery.  The  latter 
receives  the  stimulus,  and  transmits  impulses  to  the  central 
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nervous  system;  it  is  therefore  called  the  receptor  neuron,  or  the 
event  limb  of  the  reflex  arc.  The  other  neuron  transmits  im¬ 
pulses  from  the  central  nervous  system  to  the  peripheral  organ, 
muscle,  or  gland,  and  is  called  the  elector  neuron  or  the  ej- 
ferent  limb  of  the  reflex  arc.  The  region  in  the  central  nerv¬ 
ous  system  (brain  or  spinal  cord)  where  the  two  neurons  form 
their  junction  (synapse)  is  referred  to  as  the  reflex  center. 
Thus  a  stimulus  applied  to  the  terminal  of  the  receptor  neuron 
sets  up  an  impulse  or  a  volley  of  impulses  which  is  transmitted 
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Fig.  12-5  Diagram  of  the  simplest  conceivable  reflex  arc. 


to  the  reflex  center;  a  discharge  of  impulses  then  occurs  down 
the  effector  neuron  to  the  peripheral  organ  or  effector,  e.g.,  mus¬ 
cle  or  gland. 

For  the  sake  of  simplicity  in  illustrating  the  general  princi¬ 
ples  of  the  reflex  arc,  one  composed  of  only  two  neurons  has 
been  described,  but  it  is  unlikely  that  more  than  a  very  few  such 
simple  reflex  arcs  exist  in  higher  animals.  One  nerve  cell,  at 
least,  is,  as  a  rule,  interposed  between  the  receptor  and  effector 
neurons.  This  is  called  the  connector,  internuncial,  or  inter¬ 
calated  neuron.  In  the  great  majority  of  reflex  arcs  in  the 
central  nervous  system  of  mammals,  not  one  but  a  chain  of  such 
connector  neurons  is  present. 

A  diagram  of  a  simple  reflex  arc  having  its  center  in  the  spinal 
cord  is  shown  in  Figure  12-6.  It  will  be  noted  that  the  cell  body 
of  the  receptor  neuron  is  situated,  not  within  the  cord  itself 
but  just  outside,  namely,  in  the  ganglion  of  the  posterior 
root  of  a  spinal  nerve.  The  effector  neuron  has  its  cell  body 

^  One  of  these  is  that  of  the  knee  jerk  (p.  571). 
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in  the  anterior  horn  of  gray  matter  (anterior  or  ventral  horn 
cell,  p.  576),  its  axon  leaves  the  cord  in  the  anterior  root  of  the 
spinal  nerve,  and  is  continued  into  a  peripheral  nerve.  The 
connector  neuron  has  its  cell  body  in  the  posterior  (dorsal)  horn 
of  spinal  gray  matter;  its  axon  synapses  with  the  dendrite  of 
the  anterior  horn  cell;  its  dendrite  with  the  central  process 
(axon)  of  the  receptor  neuron. 


Fig.  12-6  Diagram  of  a  spina!  reflex  arc  with  its  center  in  the  spinal 
cord,  showing  receptor  and  effector  neurons  connected  by  the  connector 
neuron  (in  the  spinal  cord). 


In  most  reflex  actions  of  higher  animals,  a  great  number  of 
reflex  arcs  are  involved.  For  example,  should  a  person  s  arm 
be  given  a  sharp  and  unexpected  slap,  he  would  jerk  the  arm 
away;  associated  movements  of  the  shoulder  and  trunk  would 
probably  occur;  he  would  turn  his  head  and  eyes  toward  the 
source  of  the  injury  and,  most  likely,  utter  an  exclamation  of 
some  sort.  A  large  number  of  muscles  —  those  of  the  arm, 
shoulders,  trunk,  neck,  eyes,  tongue,  larynx,  and  respiration 
would  therefore  take  part  in  the  action.  Each  muscle  is  sup¬ 
plied  in  turn  by  a  large  number  of  nerve  fibers  —  effector 
(motor)  neurons  —  and  the  stimulus  must  have  excited  a  large 
number  of  afferent  nerve  endings  —  receptor  neurons  in  the 
skin.  If  instead  of  slapping  the  skin,  which  stimulates  a  rela¬ 
tively  large  area,  a  stab  were  made  with  a  pin,  the  reflex  re¬ 
sponse  would  probably  be  the  same.  A  movement  involving  a 
large  number  of  muscles  would  result.  Yet,  as  compared  with 
the  slap,  the  pin  must  have  stimulated  much  fewer  sensory 
endings.  The  number  of  effector  (motor)  neurons  must  have 
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been  greatly  in  excess  of  the  sensory  endings  which  had  been 
stimulated.  Each  receptor  neuron  must  therefore  be  con¬ 
nected  within  the  central  nervous  system  with  a  large  number  of 
effector  neurons.  As  a  matter  of  fact,  every  receptor  neuron  is 
potentially  in  communication  with  motor  neurons  throughout 


Fig.  12-7  Diagram  to  il¬ 
lustrate  the  final  common 
path,  to  which  fibers  con¬ 
verge  from  a  number  of 
sources,  i,  cerebral  cor¬ 
tex;  2,  corpus  striatum; 
3,  red  nucleus;  4,  cerebel¬ 
lum;  5,  semicircular  ca¬ 
nals;  6,  vestibular  nucleus; 
7,  skin;  8,  muscle  spindle; 
9,  anterior  horn  cell  (final 
common  path) ;  10,  skele¬ 
tal  muscle. 


the  entire  spinal  cord  and  brain.  The  synapses,  normally,  offer 
a  certain  resistance  ”  to  the  passage  of  impulses  which  limits 
the  spread  of  excitation  within  the  central  nervous  system. 
In  strychnine  poisoning  or  in  tetanus,  however,  synaptic  re¬ 
sistance  IS  greatly  diminished;  a  very  weak  localized  stimulus 
then  sets  up  impulses  which  spread  widely  throughout  the 

system,  causing  forcible  convulsive  contractions 
of  all  the  voluntary  muscles  of  the  body. 

Not  only  is  each  afferent  fiber  in  communication  with  a  large 
number  of  effector  neurons,  but,  conversely,  each  of  the  latter 
IS  connected  with  many  afferent  fibers.  That  is  to  say,  stimula- 
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tion  of  sensory  nerves  in  widely  separated  parts  of  the  body  may 
bring  about  reflex  contraction  of  one  and  the  same  group  of 
muscles.  An  anterior  horn  cell  of  the  cord  is,  therefore,  a  point 
of  convergence  of  a  number  of  afferent  paths,  each  motor  neu¬ 
ron  serving  as  a  pathway  common  to  impulses  from  various 
sources  (see  Fig.  12-7).  It  is  therefore  called  the  final  common 
path.  For  example,  scratching  the  back  of  a  spinal  dog  (i.e., 
one  whose  spinal  cord  has  been  severed  in  the  upper  thoracic 
region  some  weeks  previously)  causes  rhythmical  contractions 
of  the  flexor  muscles  of  the  hind  limb  {scratch  reflex).  Painful 
stimulation  of  the  hind  paw  also  causes  contraction  of  the  flexor 
muscles  of  the  limb,  the  paw  being  thus  withdrawn  from  the 
injurious  agent  {flexor  reflex).  If  one  should  attempt  to  elicit 
both  these  reflexes  at  the  same  time  there  must  obviously  be  a 
conflict  between  them.  They  are  antagonistic  and  cannot  both 
employ  the  final  common  path  at  the  same  instant.  In  such  and 
other  instances  of  two  antagonistic  reflexes  competing  for  the 
final  common  path,  the  one  of  less  biological  importance  gives 
way ;  it  is  suppressed.  Thus,  as  compared  with  a  painful  stim¬ 
ulus  which  signals  some  injury  to  the  animal,  the  momentary 
irritation  of  a  flea  is  of  little  importance.  It  is  otherwise  with 
reflexes  which  are  allied  in  nature;  they  can  utilize  the  final 
common  path  simultaneously;  one  reflex  tends  to  strengthen  or 
reinforce  the  other.  For  example,  stimulation  of  the  toes  of 
the  hind  paw  causes  flexion  of  the  corresponding  limb.  If  the 
opposite  fore  paw  is  stimulated  simultaneously,  the  flexion  of  the 
hind  limb  is  strengthened. 

Receptors.  Most  types  of  afferent  nerve  terminate  at  the  pe¬ 
riphery  in  specialized  structures,  known  as  receptors  or  sense 
organs.  There  are  various  types  of  receptor,  each  being  espe¬ 
cially  adapted  to  respond  to  a  particular  kind  of  stimulus. 
Those  of  the  skin,  for  example,  respond  to  mechanical  or  to 
thermal  stimuli,  the  rods  and  cones  of  the  retina  to  light,,  the 
taste  buds  and  olfactory  cells  to  chemical  stimuli,  and  those  of 
the  ear  to  sound  vibrations.  The  energy  of  the  stimulating 
agent  is  converted  by  the  receptor,  in  each  instance,  into  nerve 
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Receptors  fall  into  three  main  classes,  namely,  exteroceptors, 
proprioceptors,  and  interoceptors.  Exteroceptors  are  those 
which  receive  stimuli  from  the  external  environment.  The 
receptors  of  the  eye,  ear,  and  skin,  and  those  of  taste  and  smell, 
i.e.,  those  of  the  five  senses,  come  under  this  heading.  The  re¬ 
ceptors  of  sight,  hearing,  and  smell  are  sometimes  also  called 
distance  receptors  or  telereceptors,  since  they  make  possible  per¬ 
ception  at  a  distance  (see  PI.  9  A). 

Proprioceptors  receive  stimuli  which  arise  within  the  body 
itself.  The  skeletal  muscles,  the  tendons  and  joints,  the  lungs, 
heart,  and  abdominal  viscera,  as  well  as  certain  arteries  (caro¬ 
tid  and  aorta,  see  p.  216)  and  veins,  contain  receptors  which 
respond  to  changes  in  the  activity  of  their  immediate  surround¬ 
ings  (internal  environment).  Most  receptors  in  the  viscera 
give  rise  to  no  sensation  and  serve  reflex  actions  of  which  we  are 
quite  unaware.  The  proprioceptors  situated  in  the  skeletal  mus¬ 
cles  are  stimulated  by  the  contraction  or  stretching  of  the  mus¬ 
cle  fibers;  they  are  called  the  muscle  spindles  (p.  529).  Of  the 
impulses  set  up  by  the  stimulation  of  proprioceptors  in  muscles, 
tendons,  and  joints,  some  reach  consciousness;  to  such  impulses 
is  due  our  sense  of  the  movement  and  position  of  our  limbs  — 
\inesthetic  sense.  Many  impulses  set  up  by  muscular  move¬ 
ment  end,  however,  in  parts  of  the  central  nervous  system,  e.g., 
spinal  cord  and  cerebellum,  which  carry  out  their  activities  be¬ 
neath  the  level  of  consciousness.  The  tonic  contractions  of 
skeletal  muscle,  as  well  as  the  smooth  and  coordinated  nature 
of  voluntary  movement,  are  dependent  upon  impulses,  both  sen¬ 
sory  and  nonsensory,  arising  in  the  muscle  proprioceptors. 

The  interoceptors  are  situated  in  the  mucous  membrane  of 
the  respiratory  and  alimentary  tracts.  Though  removed  from 
direct  influence  by  the  external  environment,  these  receptors, 
nevertheless,  are  stimulated  by  agencies  originating  in  the  out¬ 
side  world,  namely,  air  and  food. 

Conduction  over  the  reflex  arc.  Reflex  conduction  differs 
from  conduction  over  nerve  fibers  in  several  particulars.  In  the 
first  place,  the  velocity  of  transmission  of  impulses  over  the  re¬ 
flex  arc  is  considerably  lower  than  that  over  the  nerve  fiber.  For 
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example,  if  a  muscle  is  caused  to  contract  reflexly,  the  time 
elapsing  between  the  application  of  the  stimulus  to  the  receptor 
and  the  response  of  the  muscle  is  considerably  greater  than  if 
the  impulses  had  travelled  the  same  distance  over  a  nerve  fiber 
alone.  The  difference  is  due  to  the  synapse,  where  the  impulses 
are  delayed.  Secondly,  conduction  in  the  reflex  arc  is  always  in 
one  direction  —  to  the  reflex  center  in  the  afferent  limb,  away 
from  the  center  in  the  efferent  limb.  When  a  nerve  fiber  is 
stimulated,  impulses  travel  in  both  directions.  If,  for  example, 
a  motor  nerve  fiber  is  cut  just  after  it  leaves  the  spinal  cord,  and 
the  central  end  stimulated,  impulses  are  set  up  which  travel 
along  the  efferent  fibers  to  the  spinal  center.  But  these  im¬ 
pulses,  caused  by  the  artificial  stimulus,  do  not  reach  the  afferent 
neurons;  they  are  blocked  at  the  synapses.  The  latter  thus  acts 
like  a  valve,  permitting  impulses  to  pass  in  one  direction  over 
the  reflex  arc,  but  not  in  the  other.  (See  also  p.  573.) 

Thirdly,  reflex  conduction  is  much  more  susceptible  to  lac\ 
of  oxygen,  fatigue  and  to  the  action  of  anesthetics.  We  have 
seen  that.  The  nerve  fiber  has  a  very  low  rate  of  metabolism 
(p.  524),  and  will  continue  to  respond  to  stimulation  for  a  con¬ 
siderable  time  when  deprived  of  oxygen.  The  metabolism  of 
nerve  cells,  on  the  other  hand,  is  high,  and  the  cells  soon  lose 
their  irritability  when  deprived  of  oxygen.  The  cells  of  the 
cerebral  cortex,  for  example,  are  permanently  injured  if  their 
blood  supply  is  cut  off  for  5  minutes  or  so.  The  lower  levels 
of  the  central  nervous  system  are  somewhat  less  susceptible  to 
lack  of  oxygen:  the  midbrain  continues  to  function  for  10  min¬ 
utes  after  its  blood  supply  has  been  arrested ;  the  centers  of  the 
medulla  oblongata  for  from  15  to  30  minutes;  and  the  spinal 
cord  for  from  15  to  35  minutes. 

In  the  presence  of  oxygen  the  nerve  fiber  continues  to  re¬ 
spond  to  stimulation  for  long  periods  without  showing  fatigue, 
in  marked  contrast  to  the  reflex  arc,  which  is  readily  fatigued. 
In  tfie  intact  animal,  general  anesthesia  (e.g.,  by  ether  or  chloro¬ 
form)  quickly  abolishes  reflex  action,  whereas  little  effect  is 
produced  upon  the  excitability  of  the  nerve  fiber.  Even  after 
an  animal  has  been  killed  by  an  anesthetic  (death  being  due  to 
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paralysis  by  the  anesthetic  of  vital  centers  in  the  brain,  e.g.,  of 
heart  and  respiration),  the  nerves  show  little  or  no  alteration  in 
their  responses  to  direct  stimulation.  Of  course,  when  an 
anesthetic  is  applied  to  an  isolated  nerve,  its  excitability  is  very 
quickly  abolished.  Among  other  characteristic  features  of  re¬ 
flex  action  are  summation,  after  discharge,  and  reciprocal  in¬ 
hibition. 

Summation.  It  has  been  pointed  out  on  page  517  that  the 
magnitude  of  the  nerve  impulse  cannot  be  increased  by  in¬ 
creasing  the  rate  of  stimulation.  When  a  nerve  receives  stim¬ 
uli  in  rapid  succession,  the  impulses  do  not  fuse  and  produce 
an  impulse  of  greater  magnitude,  but  always  remain  separate. 
Summation,  on  the  other  hand,  is  readily  demonstrated  in  the 
reflex  arc.  A  single  stimulus,  for  example,  applied  to  an  affer¬ 
ent  nerve,  though  it  sets  up  an  impulse,  rarely  causes  a  reflex 
response.  If,  however,  two  or  more  stimuli  of  the  same  strength 
as  the  single  one  are  applied  in  rapid  sequence,  a  response  fol¬ 
lows.  Each  impulse  produces  a  state  of  some  sort  at  the  syn¬ 
apse  which  is  capable  of  being  added  to,  or  summed  with,  the 
state  produced  by  other  impulses.  The  nature  of  this  state 
produced  at  the  synapses  —  the  central  excitatory  state,  as  it  has 
been  called  —  is  not  clearly  understood,  but  evidently  it  must 
be  raised  to  a  certain  threshold  value  before  excitation  of  the 
effector  neurons  can  occur. 

After  discharge.  When  a  motor  nerve  is  stimulated,  the  re¬ 
sponse  of  the  muscle  ends  (i.e.,  impulses  cease  to  be  discharged 
along  the  fibers  of  the  nerve)  the  moment  that  the  stimulus  is 
withdrawn.  When,  on  the  other  hand,  the  muscular  response  is 
brought  about  reflexly,  the  muscle  may  continue  to  contract  for 
a  short  time  after  the  stimulus  to  the  afferent  nerve  has  ceased. 
This  reflex  phenomenon  is  explained  upon  the  basis  that  the 
central  excitatory  state,  which  has  been  built  up  at  the  synapse, 
takes  an  appreciable  length  of  time  to  be  discharged  alone  the 
effector  neuron. 

Reciprocal  inhibition.  Stimulation  of  a  motor  nerve  results 
in  the  contraction  of  all  the  muscles  supplied  by  the  nerve,  ir¬ 
respective  of  their  actions;  muscles  having  antagonistic  actions 
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(e.g.,  flexors  and  extensors)  contract  and  oppose  one  another. 
No  purposeful  movement  of  the  part  is  brought  about;  the 
motor  nerve  does  not  contain  inhibitory  fibers.  In  a  reflex  ac¬ 
tion,  on  the  contrary,  the  muscular  response  consists  of  a  co- 
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ordinate  movement,  flexion  o£  the  knee  joint,  for  example  (see 
flexion  reflex,  below).  In  such  a  movement,  the  flexors  of  the _ 
knee  contract  while  the  extensors  undergo  reciprocal  inhibition 
(relaxation).  The  mechanism  whereby  extension  or  other  an¬ 
tagonistic  action  is  inhibited"  is  not  fully  understood,  but  the 
inhibitory  effect  must  be  developed  in  the  reflex  center  —  that 
is,  at  a  synapse  between  the  afferent  and  efferent  neurons  — 
for,  as  just  mentioned,  the  motor  nerve  itself  does  not  contain 
inhibitory,  fibers.  We  therefore  speak  of  a  central  inhibitory 
state  as  well  as  of  a  central  excitatory  state. 

Reciprocal  inhibition  is  also  seen  in  voluntary  movement. 
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For  example,  in  flexing  the 
arm  at  the  elbow  the  contrac¬ 
tion  of  the  biceps  is  accom¬ 
panied  by  reciprocal  inhibi¬ 
tion  of  the  triceps.  On  the 
other  hand,  when  the  elbow 
is  extended  the  triceps  con¬ 
tracts  while  the  biceps  relaxes 
(Figs.  12-8  and  12-9). 

Certain  limb  reflexes  of  spe¬ 
cial  interest.  The  flexion  re¬ 
flex.  This  reflex  consists  of  a 
strong  contraction  of  the  flexor 
muscles  of  the  limb  (together 
with  inhibition  of  the  exten¬ 
sors  —  reciprocal  inhibition  ) 
when  the  afferent  nerve  of  the 
same  {ipsilateral)  limb  is 
stimulated.  The  limb  is  flexed 
at  ankle,  knee,  and  hip.  The 
biological  significance  of  this 
reflex  is  evident;  in  the  intact 
animal  the  limb  is  withdrawn, 
automatically,  from  an  agent 
which  causes  pain  and,  there¬ 
fore,  threatens  injury.  This 
and  other  reactions  which  are 
initiated  by  injury,  and  serve  a 
protective  purpose,  are  called 
nociceptive  (L.  noceo,  I  injure)  reflexes. 

T he  crossed  extensor  reflex.  This  is  a  strong  contraction  of 
the  extensors  of  the  limb  which  results  from  stimulating  the 
corresponding  afferent  nerve  of  the  opposite  (contralateral) 
limb.  It  is  evident  then,  that  this  and  the  preceding  reflex  can 
be  brought  about  simultaneously  by  the  stimulation  of  a  single 
afferent  nerve.  In  the  everyday  life  of  the  animal  the  two 
reflexes  therefore  compose  a  purposeful  act,  for,  should  one  paw 


Fig.  12-9  Reciprocal  innervation. 
Record  from  the  leg  muscles  of  a 
decerebrate  cat,  showing  contrac¬ 
tion  of  flexors  (F)  and  inhibition 
of  the  extensors  (E).  The  two 
curves  actually  were  inscribed  syn¬ 
chronously  but  the  lever  for  the  ex¬ 
tensor  muscle  is  set  a  little  to  the 
right  of  that  of  the  flexor  muscle. 
(From  Sherrington.) 
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thoracic  part  of  the  spinal  cord ;  abolition  or  exaggeration  of 
the  ankle  jerk  tells  of  disease  or  injury  involving  the  nerves  to 
the  leg  muscles,  or  of  the  lumbo-sacral  part  of  the  spinal  cord. 

Though  they  do  not  come  under  the  present  heading,  it  is 
convenient  to  mention  here  two  cutaneous  or  superficial  reflexes 
of  great  clinical  importance,  namely,  the  plantar  response  and 
the  abdominal  reflex.  The  normal  plantar  response  consists  of 
a  downward  movement  (plantarflexion)  of  the  great  toe,  i.e.. 


Fig.  12-10  Illustrating  the  norma! 
plantar  response,  upper  sketch,  and 
the  extensor  response  (Babinsky), 
lower  sketch. 

toward  the  sole,  when  the  skin  of  the  sole  is  stroked.  In  certain 
nervous  lesions,  e.g.,  injury  to  the  corticospinal  tracts,  the  great 
toe  instead  of  being  flexed  toward  the  sole  moves  upward 
(dorsiflexion).  This  abnormal  response  is  called  the  sign  of 
Babins\i  (Fig.  12-10). 

The  abdominal  reflex  consists  in  a  contraction  of  the  ab¬ 
dominal  muscles  caused  by  stroking  the  overlying  skin.  It  is 
abolished  in  lesions  of  the  corticospinal  tracts,  of  the  peripheral 
nerves,  or  of  the  reflex  centers  in  the  thoracic  part  of  the  spinal 
cord. 

The  axon  reflex.  This  is  not  a  reflex  at  all,  in  the  ordinary 
sense  of  the  term,  for  nerve  cells  play  no  part;  that  is  to  say, 
no  reflex  center  is  interposed  in  the  path  of  the  impulses.  The 
reflex  depends  upon  the  fact  that  impulses  can  pass  in  either 
direction  along  a  nerve  fiber;  in  the  axon  reflex  they  travel 
from  some  or  other  receptive  surface,  along  one  branch  of  the 
fiber  (axon),  and  then  down  the  other  branch  to  an  effector, 
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e.g.5  smooth  muscle  or  gland  cell  (see  Fig.  12-11).  In  the  low¬ 
est  forms  of  multicellular  animals,  such  as  mollusks,  worms, 
and  in  certain  parts  of  insects,  these  reflexes  play  a  prominent 
part  in  nervous  responses.  In  higher  animals  they  have  been 
studied  most  often  in,  the  conjunctiva,  mucous  membrane  of 
the  intestinal  tract,  and  in  the  skin. 

The  following  well-known  and  simple  experiment  furnishes 
proof  of  two-way  conduction  in  nerve.  The  frog  muscle  shown 
in  Figure  12-12  is  supplied  by  a  nerve  which  divides  into  two 
branches,  each  of  which  goes  to  different  parts  of  the  muscle. 


Fig.  12-11  Showing  the  structural  basis  of  the  axon 
reflex.  Note  that  no  nerve  cell  is  involved. 


When  the  muscle  is  divided  between  the  two  branches,  stimu¬ 
lation  o£  one  branch  causes  contraction  of  both  parts  of  the 
muscle.  Impulses  must  have  passed  along  the  stimulated 
branch  and,  turning  at  the  Y  formed  by  the  two  branches, 
reached  the  part  of  the  muscle  innervated  by  the  unstimulated 
branch. 

In  man  cutaneous  vasodilatation  caused  by  stimulation  of  the 
skin  is  brought  about  largely  through  axon  reflexes.  One 
branch  of  an  axon  of  a  sensory  nerve  ends  in  the  skin,  the  other 
in  or  near  the  wall  of  a  small  blood  vessel.  Vasodilatation  is 
brought  about,  apparently,  not  by  the  nerve  impulse  directly, 
but  by  a  chemical  substance  which  it  causes  to  be  liberated 
from  the  end  of  the  axon  branch.  The  vascular  reactions 
caused  by  irritation  of  the  cornea,  and  the  increased  vascularity 
of  inflamed  tissues,  are  also  largely  due  to  axon  reflexes.  Such 
reflexes  can  be  abolished  in  any  part  by  blocking  conduction  in 
the  sensory  terminals,  as  by  the  application  of  cocaine. 


574  the  central  nervous  system 

Skeletal  mEscle  tone*  During  consciousness  the  voluntary 
muscles,  though  not  engaged  in  any  movement,  are  always 
maintained  in  a  state  of  slight  contraction  which  is  referred  to 
as  tone  or  tonus.  All  voluntary  muscles  show  tonus  to  some 
extent,  but  it  is  seen  •  pre-eminently  in  those  muscles  which 
maintain  the  posture  of  the  body  against  the  force  of  gravity 
—  the  so-called  anti  gravity  muscles.  These  are,  chiefly,  the  ex- 


Fig.  12-12  Illustrating  two  way  conduction  in  nerve. 


tensor  muscles  of  the  lower  limbs,  trunk  and  neck«  Muscle 
tonus  is  entirely  reflex  in  character.  The  muscles  are  stretched 
between  their  attachments,  thus  the  constant  stimulus  of  stretch 
applied  to  the  muscle  spindles  initiates  the  reflex.  Like  any 
other  reflex,  it  is  abolished  if  the  reflex  arc  is  interrupted  at  any 
point,  such  as  by  a  lesion  of  the  motor  nerve,  of  the  afferent 
nerve,  or  of  the  reflex  centers.  For  example,  in  injury  or  de¬ 
generative  disease  of  the  motor  nerves,  in  locomotor  ataxia 
(which  involves  the  afferent  paths  in  the  spinal  cord),  or  in  an¬ 
terior  poliomyelitis  (commonly  known  as  infantile  paralysis, 
in  which  the  anterior  horn  cells  are  attacked)  the  tone  of  those 
muscles  implicated  by  the  disease  is  completely  lost. 

Higher  centers  of  the  brain  (their  precise  location  is  un¬ 
known)  exert  an  inhibitory  influence  upon  muscle  tone.  Thus, 
in  man  a  lesion  of  the  corticospinal  tracts,  which  connect  the 
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cerebral  cortex  with  the  spinal  centers,  results  in  an  exaggera¬ 
tion  of  the  tonic  contraction;  this  is  manifested  by  the  greater 
resistance  offered  by  the  hmbs  to  passive  movement.  The  phy¬ 
sician,  in  describing  the  muscles  whose  tone  is  increased  in  this 
way,  says  they  are  spastic,  and  refers  to  the  hypertonic  state  it¬ 
self  as  spasticity.  Muscle  tone  is  increased  to  an  extreme  de¬ 
gree  after  complete  separation  of  the  lower  centers  from 
higher  control.  For  example,  section  through  the  brain  of  an 
animal,  anywhere  between 
the  upper  part  of  the  mid- 
brain  and  the  vestibular 
nuclei  (p.  581)  in  the  me¬ 
dulla  oblongata  results  in 
pronounced  rigidity  of  the 
antigravity  muscles.  All 
four  limbs  are  stiffly  ex¬ 
tended,  the  head  is  held 
erect,  and  the  tail  elevated. 

The  stiffened  limbs  sup- 


Fig.  12-13  Decerebrate  rigidit)-. 
(After  Pollock  and  Davis.) 


port  tlie  animal  when  it  is  placed  upon  its  feet.  The  condition 
is  called  decerebrate  rigidity  (Fig.  12-13).  The  hypertonus  is 
at  once  abolished  by  destruction  of  the  vestibular  nuclei  or  sec¬ 
tion  of  the  spinal  cord,  or  of  the  posterior  spinal  nerve  roots, 
for  this  latter  operation  interrupts  tl:c  afferent  limb  of  the  re¬ 
flex  arc.  Destruction  of  the  vestibular  nuclei  or  section  of  the 
spinal  cord  of  an  animal,  whether,  or  not  it  has  been  previously 
decerebrated,  also  abolishes  the  normal  tone  of  the  muscles. 
The  muscles  become  completely  relaxed  {flaccid)  immediately 
.  after  this  operation.  The  limbs  hang  limply  like  those  of  an 
animal  immediately  after  death,  and  no  reflex  activity  can  be 
elicited.  Also,  since  the  vasomotor  centers  in  the  medulla  ob¬ 
longata  are  separated  from  the  spinal  centers,  there  is  a  pro¬ 
found- fall  in  blood  pressure  (p.  214).  This  state,  called  spinal 
shoc^,  persists  for  a  time  which  varies  with  the  animal  species. 
Recovery  from  spinal  shock  occurs  within  a  few  minutes  in  the 
frog,  but  not  for  several  weeks  in  the  dog  and  never  completely 
in  man. 
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From  these  observations  it  is  concluded  that  the  spinal  reflex 
pathways,  upon  which  muscle  tone  is  directly  based,  must  be 
reinforced  by  impulses  discharged  from  the  vestibular  nuclei. 


The  latter,  in  turn,  are  under 


an  inhibitory  influence  from 
higher  centers.  The  vestibu¬ 
lar  nuclei,  when  released  by 
brain  section  from  the  re¬ 
straint  of  the  latter,  become 
hyperactive,  with  consequent 
exaggeration  of  tonus. 
Though  the  spinal  centers 
are  dependent,  normally, 
upon  impulses  from  the  ves¬ 
tibular  nuclei  for  the  main¬ 
tenance  of  tonus  they  can,  in 
animals  at  any  rate,  act  in¬ 
dependently  when  isolated 
from  the  higher  influence. 
This  is  evident  from  the  fact 
that  spinal  shock  is  recovered 
from  after  a  time  (see  dia¬ 
gram,  Fig.  12-14). 


Fig.  12-14  Diagram  of  the  princi¬ 
pal  factors  responsible  for  muscle 

tone.  I,  cerebral  cortex  or  other  J’Ac’  Spinal  Cord 
higher  cerebral  region;  2,  vestibu¬ 
lar  nucleus;  3,  spinal  cord;  4,  mus-  The  Spinal  cord  is  composed 

cle  spindle;  5,  anterior  horn  cell  of  of  a  Central,  deeply  and  irreg- 

the  spinal  cord. 

matter,  surrounded  by  white  substance.  The  latter  consists  of 
bundles  of  nerve  fibers  (see  Fig.  12-15).  ^  section 

of  the  spinal  cord  the  gray  matter  appears  as  an  irregularly 
H-shaped  mass.  The  anterior  and  broader  limbs  of  the  H  are 
called  the  anterior  or  ventral  horns;  the  posterior  narrow  limbs, 
the  posterior  or  dorsal  horns.  Running  through  the  center  of 
the  spinal  gray  matter  is  a  canal  filled  with  cerebrospinal  fluid. 
This  is  the  central  canal  of  the  cord ;  it  communicates  with  the 
ventricles  of  the  brain.  The  spinal  cord  is  incompletely  divided 
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into  two  lateral  halves  by  an  anterior  cleft  and  a  posterior  sep¬ 
tum.  The  white  matter  of  each  half  is  marked  off  again  by 
the  anterior  and  posterior  horns  of  gray  matter  and  the  "corre¬ 
sponding  spinal  nerve  roots  into  an  anterior,  a  lateral,  and  a 
posterior  column.  In  the  thoracic  and  upper  lumbar  regions 
of  the  cord  the  gray  matter  between  the  anterior  and  posterior 

POSTERIOR 


Fig.  12-15  A  secdon  of  the  spinal  cord  showing  the  central  mass  of 
gray  matter  and  the  columns  of  white  matter  (ascending  and  descend¬ 
ing  fiber  tracts). 

horns  shows  a  small  projection  called  the  lateral  horn;  it  is 
composed  of  sympathetic  nerve  cells. 

The  anterior  or  ventral  horns  of  gray  matter  contain  large 
multiangular  cells.  These  cells  are  points  of  convergence  for 
impulses  from  various  sources  —  from  the  periphery  of  the 
body  along  sensory  nerves^  and  from  the  motor  area  of  the 
cerebral  cortex  by  the  corticospinal  tracts  (p.  580)5  as  well  as 
from  the  cerebellum  and  other  parts  of  the  brain.  The  axons 
of  the  anterior  horn  cells  of  the  cord  constitute  the  only  path¬ 
way  (final  common  path,  p.  565)  from  the  spinal  cord  to  the 
skeletal  muscles;  the  anterior  horn  cells,  therefore,  relay  the 
impulses  which  bring  about  voluntary  movement,  and  are  also 
the  effector  (motor)  neurons  of  the  spinal  reflex  arc.  The  pos¬ 
terior  horns  of  gray  matter  contain  the  cell  bodies  of  connec- 
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Fig.  12-16  Right  hand  drawing,  the  spinal  nerve  roots  (after  Allen 
Thomson),  i,  anterior  root;  2,  posterior  root;  3,  posterior  root  gan¬ 
glion;  4,  anterior  primary  division;  5,  posterior  pimary  division.  Left 
hand  drawing,  diagram  to  illustrate  Wallerian  degeneration  (modified 
from  Halliburton).  Section  at  A  causes  degeneration  of  all  motor  and 
sensory  fibers  of  the  peripheral  nerve  beyond  the  point  of  section  (black 
area).  In  B,  section  of  the  anterior  root  causes  degeneration  of  the 
motor  fibers  since  the  motor  cell  bodies  lie  within  the  spinal  cord;  in  G, 
section  of  the  posterior  root  is  followed  by  degeneration  of  the  sensory 
fibers  of  the  peripheral  nerve  because  the  cell  bodies  of  the  sensory 
fibers  lie  in  the  ganglion;  in  D,  section  of  the  posterior  root  between 
the  ganglion  and  the  cord  causes  degeneration  of  the  sensory  fibers  of 
the  spinal  stump  of  the  root  and  of  ascending  fibers  within  the  cord  as 
far  as  the  next  cell  station.  (Sec  also  p.  505.) 

tor  neurons;  afferent  impulses,  after  entering  the  cord,  are  re¬ 
layed  by  these  cells  to  the  anterior  horn  cells,  and  to  neurons 
which  connect  with  higher  levels  of  the  central  nervous  system. 

The  spinal  nerve  roots.  In  man  there  are  31  pairs  of  spinal 
nerves.  Each  nerve  of  a  pair  arises  from  the  cord  by  two  roots, 
an  anteriot  or  ventral,  and  a  posterior  or  dorsal.  The  anterior 
roots  are  composed  predominantly  of  efferent  fibers  derived 
from  the  cells  of  the  anterior  horns  of  spinal  gray  matter;  other 
finer  fibers  are  efferents  of  sympathetic  nerve  cells  in  the  lateral 
horns.  The  posterior  roots  are  composed  almost  entirely  of  af- 
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ferent  fibers:  sensory  fibers  from  the  skin,  muscles,  viscera,  etc., 
and  other  afferent  fibers  which  transmit  nonsensory  impulses 
—  that  is,  impulses  which  do  not  reach  consciousness.  The  cell 
bodies  which  give  rise  to  the  fibers  of  a  posterior  root  are  situ¬ 
ated  in  a  small  swelling  on  the  root  itself;  this  is  called  the 
ganglion  of  the  posterior  root  (Fig.  12-16),  Both  dendrite  and 
axon  of  a  ganglion  cell  arise  by  a  common  stem  which  divides 
into  the  respective  fibers  a  short  distance  from  the  cell  body. 
One  of  these  (dendrite)  passes  peripherally,  the  other  (axon) 
carries  impulses  into  the  cord  where  it  connects  (synapses)  with 
intraspinal  neurons  or  passes  without  interruption  to  the  me¬ 
dulla  oblongata.  Certain  cranial  nerves  possess  similar  ganglia 
from  which  their  afferent  fibers  originate  (see  Fig,  12-28, 
p.  600).  The  two  roots  of  a  spinal  nerve  unite  within  the  im 
tervertebral  foramen.  The  trunk  so  formed  divides  again  al¬ 
most  immediately  into  a  large  anterior  and  a  small  posterior 
part,  called,  respectively,  the  anterior  and  posterior  primary 
divisions  of  the  spinal  nerves.  Each  division  receives  fibers 
(motor  and  sensory)  from  both  spinal  nerve  roots.  The 
branches  of  the  anterior  primary  divisions  fuse  with  one  an¬ 
other,  redivide,  and  continue  again  in  a  complicated  fashion 
to  form  three  nerve  plexuses  —  the  cervical,  brachial,  and  lum¬ 
bosacral  plexuses  —  from  which  the  peripheral  nerves  to  the 
skin  and  muscles  of  the  neck  and  limbs  ultimately  emerge. 
Thus,  in  the  formation  of  the  plexuses,  the  fibers  of  the  orig¬ 
inal  spinal  nerve  roots  become  intermingled,  the  peripheral 
nerve  trunks  containing  both  motor  and  sensory  fibers.  The 
posterior  primary  divisions  break  up  into  branches  which  sup¬ 
ply  the  skin  and  muscles  of  the  back. 

The  tracts  of  the  spinal  cord.  The  nerve  fibers  composing 
the  spinal  white  matter  have  various  origins  and  form  longitu¬ 
dinal  bundles,  usually  referred  to  as  tracts  or  fasciculi.  The 
fibers  of  some,  of  these  tracts  arise  from  higher  levels  of  the- 
nervous  system  and  conduct  impulses  downward;  others  arise 
from  lower  levels  and  conduct  in  an  upward  direction.  They 
are  therefore  classed  into  ascending  and  descending  groups. 
Each  tract  is  further  given  a  specific  name  derived  from  Ac 
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origin  and  destination  of  its  fibers.  A  cross  section  of  the  cord 
showing  the  several  tracts  will  be  found  in  Plate  9  B. 

The  descending  tracts.  The  corticospinal  or  pyramidal  tracts 
arise  from  the  large  cells  of  the  motor  area  of  the  cerebral  cor¬ 
tex  (p.  586)  on  each  side  of  the  brain.  The  fibers  of  each  tract 
synapse  with  the  anterior  horn  cells  of  the  opposite  side  of  the 
cord.  The  tracts  descend  through  the  substance  of  the  brain, 
traversing  successively  the  internal  capsule  of  the  cerebrum 
(p.  592),  the  mid-brain,  pons,  and  medulla  oblongata.  They 
form  two  prominences  on  the  anterior  aspect  of  the  medulla 
oblongata,  called  the  pyramids.  At  the  lower  border  of  the 
medulla  oblongata  the  greater  proportion  of  the  fibers  of  one 
side  cross  to  the  opposite  side  of  the  cord  and  descend  in  the 
lateral  column.  They  constitute,  on  each  side  of  the  cord,  the 
lateral  cortiscospinal  tracts.  The  remaining  uncrossed  fibers  — 
the  anterior  cortiscospinal  tracts  —  descend  in  the  anterior  col¬ 
umns,  but  these  also  ultimately  cross  to  the  anterior  horn  cells 
of  the  opposite  side  at  various  levels  of  the  cord. 

The  cortiscospinal  tracts  transmit  impulses  which  bring  about 
voluntary  movements  of  the  limbs  and  trunk.  A  lesion  involv¬ 
ing  these  tracts  in  any  part  of  their  course,  from  the  motor 
area  of  the  central  cortex  to  their  terminations  in  the  spinal 
cord,  results  in  weakness  or  paralysis  of  the  muscles  on  the  op¬ 
posite  side  of  the  body.  The  fibers  conveying  impulses  to  the 
muscles  of  the  eyes,  face,  tongue,  and  throat  also  arise  from  the 
motor  area  of  the  cerebral  cortex,  but  they  form  connections 
with  nerve  cells  in  the  motor  nuclei  of  the  cranial  nerves  (third 
to  the  twelfth,  p.  600).  These  fibers,  though  they  are  strictly 
analogous  to  the  corticospinal  fibers  and  travel  with  the  latter 
for  a  part  of  their  course,  are  referred  to  as  the  corticobulhar 
tracts.  Like  the  corticospinal  tracts,  they  convey  impulses  from 
one  side  of  the  brain  to  the  muscles  of  the  opposite  side. 

Every  pathway  for  the  transmission  of  impulses  governing 
voluntary  movements,  whether  of  the  limbs  and  trunk  or  of 
the  face,  eyes,  tongue,  and  throat,  consists,  therefore,  of  two 
neuron  links.  That  neuron  which  has  its  cell-body  in  the  cere¬ 
bral  cortex  is  called  the  upper  motor  neuron.  The  lower  motor 
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neuron  is  the  anterior  horn  cell  of  the  spinal  cord  or  a  cell  in 
one  or  other  of  the  cranial  nuclei.  The  axons  of  the  lower 
motor  neurons  form,  of  course,  the  peripheral  motor  nerves 
(cranial  and  spinal). 

The  effects  following  a  lesion  of  the  upper  motor  neuron  dif¬ 
fer  in  certain  respects  from  those  resulting  from  injury  or  dis¬ 
ease  of  the  lower.  These  differences  are  summarized  in  the 
following  table. 


E§ects  of  lesions  of  the 
upper  motor  neuron 

(1)  Paralysis  of  the  spastic  type. 
That  is,  the  paralyzed  mus¬ 
cles  are  hypertonic  and  offer 
a  greater  resistance  to  pas¬ 
sive  movements  than  nor¬ 
mally. 

(2)  The  tendon  reflexes  (knee 
jerk,  etc.)  are  exaggerated. 

(3)  Normal  responses  to  electri¬ 
cal  stimulation. 

(4)  Little  muscular  wasting. 

(5)  Babinski  response  (p.  572); 
abdominal  reflexes  lost  (p. 

572)- 


Effects  of  lesions  of  the 
lower  motor  neuron 

The  paralyzed  muscles  are  flac¬ 
cid.  They  are  hypotonic,  offer¬ 
ing  little  resistance  to  passive 
movement. 

The  tendon  reflexes  are  absent. 
Reaction  of  degeneration  (p. 

507)- 

Marked  wasting  of  muscles. 
Normal  plantar  response  (i.e., 
Babinski  absent) ;  abdominal  re¬ 
flexes  may  be  lost. 


The  rubrospinal  tracts.  These  descend  in  the  lateral  columns 
of  the  cord  to  synapse  with  the  anterior  horn  cells.  They  .arise 
from  the  red  nucleus  in  the  mid-brain  (p.  596).  After  issuing 
from  the  red  nucleus  the  fibers  cross  to  the  opposite  side  (decus¬ 
sation  of  Forel).  Thus,  the  red  nucleus  of  one  side  is  con¬ 
nected  with  the  anterior  horn  cells  of  the  opposite  side  of  the 
spinal  cord. 

The  pestibulospinal  tracts.  These  arise  from  the  vestibular 
nuclei  situated  in  the  lower  part  of  the  medulla  oblongata.  The 
fibers  of  each  tract  connect  with  the  anterior  horn  cells  of  the 
opposite  side  of  the  spinal  cord.  These  tracts  relay  impulses 
transmitted  to  the  vestibular  nuclei  from  the  labyrinth  (of  the 
internal  ear)  and  cerebellum.  They  are  of  essential  importance 
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in  the  maintenance  of  equilibrium,  correlating  the  tone  and 
movements  of  the  muscles  with  the  position  of  the  head  in 
space. 

The  chief  descending  tracts  of  the  brain  and  cord  are  repre¬ 
sented  in  the  diagram,  Plate  10  A. 

The  ascending  tracts.  The  fasciculus  gracilis  {tract  of  Goll) 
and  fasciculus  cuneatus  {tract  of  Burdock')  occupy  the  poste¬ 
rior  column  of  each  half  of  the  cord.  They  are  composed  of 
the  axons  of  cells  of  the  posterior  root  ganglia.  The  fibers 
of  these  tracts  transmit  impulses  of  light  touch  and  the  sense  of 
position  and  movement  {kinesthetic  sense)  to  the  nucleus  gra¬ 
cilis  and  nucleus  cuneatus  in  the  medulla  oblongata;  from  here 
the  impulses  are  relayed  upward  by  other  neurons  to  the  optic 
thalamus,  and  thence  to  the  cerebral  cortex.  When  these  tracts 
are  injured,  the  subject,  since  he  is  not  informed  of  the  move^ 
ments  and  positions  of  his  limbs,  has  difficulty  in  executing 
muscular  acts  with  orderliness  and  precision;  his  movements 
are  jerky  and  poorly  controlled.  Impaired  muscular  control 
of  this  type  is  called  ataxia.  The  sense  of  tbuch  is  little  affected, 
however,  because  touch  impulses  ascend  also  in  the  anterior 
spinothalamic  tracts. 

The  spinocerebellar  tracts.  These  are  two  in  number  on 
each  side.  One,  the  dorsal  spinocerebellar  tract,  reaches  the 
cerebellum  via  the  inferior  cerebellar  peduncle  (p.  606);  the 
other,  the  ventral  spinocerebellar  tract,  ascends  to  the  mid-brain^ 
entering  the  cerebellum  through  its  superior  peduncle.  They 
ascend  in  the  lateral  columns  of  the  cord  and  transmit  nonsen- 
sory  impulses  from  the  muscles  to  the  cerebellum.  Injury  or 
disease  of  these  tracts  also  results  in  ataxia,  because  the  cerebel¬ 
lum  does  not  receive  the  impulses  which  enable  it  to  exercise  its 
function  in  controlling  voluntary  muscular  acts. 

The  spinothalamic  tracts  ascend  one  in  the  anterior  column, 
the  other  in  the  lateral  column  of  each  half  of  the  cord.  The 
anterior  spinothalamic  tract  conducts  impulses  of  light  touch 
from  the  skin  of  the  opposite  side  of  the  body  to  the  thalamus; 
from  the  thalamus  the  impulses  are  relayed  by  other  fibers  to 
the  cerebral  cortex.  The  lateral  spinothalamic  tract  is  the  path- 
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way  for  impulses  of  pain,  heat  and  cold  from  the  opposite  side 
of  the  body  (see  PL  lo  B). 

The  sensory  pathways  in  the  brain  are  described  on  page 

599- 


The  Brain  or  Encephalon 

The  brain  is  that  part  of  the  nervous  system  enclosed  by  the 
skull.  It  consists  of  the  cerebrum,  mid-brain,  pons,  medulla 
oblongata,  and  cerebellum  (see  Fig.  12-17). 


Fig.  12-17  outline  of  the 

brain  as  seen  from  the  right  side, 

J  natural  size.  The  parts  are  repre¬ 
sented  as  separated  from  one  an¬ 
other  considerably  more  than  is  nat¬ 
ural  so  as  to  show  their  connec¬ 
tions.  A,  cerebrum;  B,  cerebellum; 

C,  pons;  D,  medulla  oblongata; 
a,  cerebral  peduncle;  b,  colliculi, 
a  and  b  form  the  mid-brain.  (Aft¬ 
er  Quain.) 

The  cerebrum..  The  cerebrum  is  divided  incompletely  by  a 
longitudinal  fissure  (the  superior  longitudinal  fissure)  into  two 
halves  called  the  cerebral  hemispheres.  These  are  the  large 
ovoid  masses  lying  in  contact  with  the  vault  and  walls  of  the 
skull  The  hemispheres  constitute  by  far  the  largest  part  of  the 
human  brain,  and  of  the  brains  of  apes  and  monkeys,  but  are 
less  prominent  structures  in  the  brains  of  lower  ■'vertebrates. 
The  most  highly  developed  functions' of  the  nervous  system  — 
memory,  intelligence,  moral  sense,  etc.  —  and  the  centers  for 
sight,  hearing,  smell,  taste,  and  general  body  sensations,  are 
seated  in  the  cerebral  hemispheres. 

The  hemispheres  are  composed  of  a  covering  of  gray  matter, 
called  tht  cerebral  cortex  and  a  central  mass  of  white  matter. 
The  latter  is  formed  of  tracts  of  nerve  fibers  ascending  to  the 
cortex  and  descending  from  the  cortex  to  lower  levels  of  the 
nervous  system ;  these  are  referred  to  as  projection  fibers.  There 
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are  also  many  fibers  which  arise  and  end  within  a  hemisphere 
itself;  they  connect  different  parts  of  the  cerebral  cortex  and 
are  called  association  fibers  (Fig.  12-18).  Some  of  these  tracts 
are  short  and  connect  neighboring  gyri;  others  are  long,  and 
run  between  the  cortex  of  two  lobes,  e.g.,  the  frontal  and  oc¬ 
cipital.  Commissural  fibers,  also,  pass  between  the  two  hem- 
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Fig.  12-18  Diagram  to  show  the  general  course  of  the  association  fibers 
of  the  right  cerebral  hemisphere.  The  stippled  area  is  the  corpus  cal¬ 
losum  which  is  composed  of  commissural  fibers. 

ispheres;  these  form  a  mass  of  white  matter  lying  at  the  bottom 
of  the  superior  longitudinal  fissure,  known  as  the  corpus  caU 
losum  (Figs.  12-19  12-22,  p.  590). 

The  cerebral  cortex.  The  cortex  shows  numerous  infoldings 
which  give  the  surface  of  the  hemispheres  an  appearance  not 
unlike  the  surface  of  the  kernel  of  a  walnut.  The  exposed  sur¬ 
faces  of  the  folds  are  called  convolutions  or  gyn/  the  depression 
or  furrow  between  two  convolutions  is  called  a  sulcus,  or  if  es¬ 
pecially  deep  and  long,  a  fissure.  By  such  reduplications  of  the 
cerebral  surface  the  total  cortical  area  is  greatly  increased. 
About  a  third  of  the  gray  matter  occupies  the  surface  of  the 
convolutions;  the  remainder  lines  the  sulci  and  fissures. 
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On  the  basis  of  the  characters  of  their  constituent  cells,  sev¬ 
eral  well-defined  layers  can  be  distinguished  in  the  gray  matter 
of  the  cerebral  cortex.  The  respective  cell  layers,  however,  do 
not  show  uniform  characters  throughout  all  cortical  regions. 
On  the  contrary,  certain  layers  exhibit  special  characteristics  in 


Fig.  12-19  Section  throogh  the  brain  in  a  vertical  plane  passing  be¬ 
tween  the  cerebral  hemispheres,  i,  right  cerebral  hemisphere;  2,  corpus 
callosum;  3,  pineal  body;  4,  mid-brain;  5,  pons;  6,  olfactory  lobe; 

7,  optic  nerve;  8,  pituitary;  9,  third  ventricle;  10,  fourth  ventricle; 

II,  medulla  oblongata;  12,  cerebellum,  sectioned  surface  shows  the  ar¬ 
borization  of  the  white  matter. 

certain  areas,  e.g.,  the  motor  area  in  the  frontal  lobe  and  the 
visual  area  of  the  occipital  lobe.  Upon  such  characteristics  de¬ 
pend,  undoubtedly,  the  special  functions  of  the  different  parts 
of  the  cortex  (Fig.  12-20). 

Localization  of  function  in  the  cerebral  cortex.  For  con¬ 
venience  of  description  each  cerebral  hemisphere  is  divided  into 
four  parts  called  lobes.  The  frontal  lobe  is  that  part  in  front  of 
the  deep  cleft  {fissure  of  Rolando)  which  runs  obliquely  down¬ 
ward  and  slightly  forward  from  the  upper  border  of  the  hem- 
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isphere  (Fig.  12-21). 
The  parietal  lobe  lies 
behind  the  fissure  of 
Rolando;  the  temporal 
lobe  lies  below  the  well- 
marked  horizontal  fis¬ 
sure— of  Syl¬ 
vius  —  on  the  lateral  as¬ 
pect  of  the  hemisphere. 
The  occipital  lobe  forms 
the  posterior  pole  of  the 
hemisphere  lying  be¬ 
hind  the  parietal  and 
temporal  lobes.  The 
cortex  of  the  frontal, 
parietal  and  occipital 
lobes  extends  on  to  the 
opposed  aspects  of  the 
hemispheres  —  that  is, 
on  to  the  vertical  walls 
of  the  longitudinal  fis- 


A  band  of  cortex  ly- 

Fig.  12-20  The  microscopical  struc-  front  of,  and 

tore  of  the  cerebral  cortex.  The  nu-  parallel  to  the  fissure  of 

merals  refer  to  the  different  layers.  Rolando  contains  large 

The  cellular  structure  of  each  layer  ..11  /d  ^ 

is  shown  on  the  left,  the  fiber  struc-  Py^midal  cells  {BetZ 

ture  on  the  right.  (After  Econ-  cells).  The  axons  of 

these  cells  descend 
through  the  brain  to 
connect  with  the  motor  cranial  nuclei  and  the  anterior  horn 
cells  of  the  cord;  they  constitute  the  corticobulbar  and  cortico¬ 
spinal  tracts  (p.  580),  along  which  are  transmitted  the  im¬ 
pulses  governing  voluntary  movement.  This  part  of  the  cortex 
is,  therefore,  called  the  motor  area.  The  voluntary  movements 
of  the  various  parts  of  the  body  are  represented  in  this  area  in 
the  following  order,  from  the  upper  border  of  the  hemisphere 


, 
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downward:  toes,  ankle,  knee,  hip,  trunk,  shoulder,  elbow, 
wrist,  fingers,  neck,  face,  tongue,  larynx.  It  has  been  men¬ 
tioned  elsewhere  that  the  corticospinal  fibers  ultimately  cross 
to  the  opposite  side  of  the  spinal  cord.  It  follows  that  the 
muscles  of  one  side  of  the  body  are  controlled  by  the  motor 
area  of  the  opposite  side  of  the  brain.  Injury  to  the  motor  area 
of  one  hemisphere,  or  of  the  corticospinal  fibers  in  their  course 
through  the  brain,  above  the  level  of  their  crossing,  especially 
in  the  internal  capsule  (p.  592),  therefore,  results  in  paralysis 
of  the  muscles  on  the  opposite  side  of  the  body. 

The  areas  of  the  motor  cortex  have  been  explored  and 
mapped  out  when  exposed  in  man  during  intracranial  opera¬ 
tions.  Electrical  stimulation  of  circumscribed  areas  elicits 
motor  responses  from  groups  of  muscles  or,  if  the  stimulus  is 
sufficiently  localized,  of  individual  muscles  on  the  opposite  side 
of  the  body. 

Situated  in  front  of  the  motor  area  is  the  so-called'  premotor 
area.  The  functions  of  this  cortical  area  have  not  been  fully 
elucidated,  but  it  appears  to  exert  a  controlling  influence  over 
the  motor  area  itself,  probably  synthesizing  the  more  localized 
movements,  represented  in  the  latter  area,  into  more  complex 
acts.  The  premotor  area  is  also  connected  by  descending  fibers 
with  the  corpus  striatum  (p.  593)  and,  through  the  frontopon- 
tine  tract,  with  the  gray  matter  of  the  pons.  Through  the 
former  connection  it  is  in  indirect  communication  with  the  red 
nucleus,  cerebellum,  and  spinal  centers;  through  the  fronto¬ 
pontine  fibers  a  connection  is  also  established  between  it  and 
the  cerebellum. 

Concerning  'the  functions  of  the  remaining  and  greater  part 
of  the  frontal  cortex  —  that  is,  of  the  part  not  occupied  by  the 
motor  and  premotor  areas  —  little  is  definitely  known;  this  re¬ 
gion  is,  therefore,  spoken  of  as  a  “  silent  ”  area.  It  is  sometimes 
the  site  of  a  tumor,  and  the  surgeon  in  order  to  eradicate  the 
growth  is  often  forced  to  sacrifice  a  large  part  of  the  bram  tis¬ 
sue.  The  frontal  lobe  of  one  side,  except  for  the  motor  and 
premotor  areas,  has  been  excised  in  a  number  of  instances,  but 
such  operations  are  followed  by  little  or  no  functional  defect. 
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Even  after  the  removal  of  both  frontal  lobes  in  front  of  the 
premotor  areas,  there  is  remarkably  little  disability.  It  has  been 
thought  that  the  frontal  lobe  was  the  seat  of  intelligence;  the 
greater  development  of  this  part  of  the  human  brain,  as  com¬ 
pared  with  the  brains  of  lower  animals  has  supported  such  an 


FISSURE  OF  ROLANDO 


Fig.  12-21  Diagram  illustrating  the  localization  of  function  in  the 
cerebral  cortex,  i,  motor  area;  2,  sensory  (somesthetic)  area;  3,  pre¬ 
motor  area;  4,  auditory  area;  5,  part  of  visual  area  concerned  with  visual 
association;  S,  fissure  of  Sylvius. 

idea,  However,  in  the  light  of  the  results  just  cited  and  of 
experiments  upon  animals,  our  views  on  the  importance  of  this 
part  of  the  brain  must  be  revised.  There  k  apparently  no  spe¬ 
cial  region  or  center  for  intelligence.  It  depends  upon  the  cor¬ 
tex  as  a  whole;  upon  the  degree  of  development  of  the  various 
cortical  sensory  areas,  and  the  richness  of  the  association  paths 
through  which  these  areas  are  interconnected.  The  frontal 
cortex  is  simply  a  region  of  high  associative  ability,  and  as  such 
contributes  its  share  to  the  general  intellectual  capacity  of  the 
individual. 

The  parietal  lohe.  The  area  of  cortex  lying  behind  the  fis¬ 
sure  of  Rolando  is  sensory  in  function.  It  is  called  t\it  somes- 
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thetic  area.  Here  sensations  of  touch,  warmth,  and  coolness, 
and  of  muscular  movements  (kinesthetic  sensations),  are  per¬ 
ceived  and  interpreted  (see  also  p.  566).  The  sensory  repre¬ 
sentation  of  the  various  parts  of  the  body  show  definite  localiza¬ 
tion,  following  the  same  order  as  that  already  described  for 
the  motor  area  (see  Fig.  12-21). 

Like  the  motor  area,  the  somesthetic  area  has  been  mapped 
out  by  point  to  point  electrical  stimulation,  through  an  opera¬ 
tive  opening  in  the  skull  bone.  The  patients  were  conscious 
and  able  to  describe  the  sensations  aroused. 

The  temporal  lobe.  The  cortex  bordering  the  fissure  of  Syl¬ 
vius,  together  with  that  buried  in  the  fissure  itself,  is  the  region 
for  the  perception  of  sound.  Here  the  fibers  of  the  auditory 
radiation  (p,  680)  terminate;  it  is  therefore  called  the  acoustic 
area  or  the  center  for  hearing.  The  acoustic  area  of  each  side 
of  the  brain  receives  impulses  from  both  ears.  Its  unilateral 
destruction,  therefore,  does  not  cause  deafness  in  either  ear, 
though  some  dullness  of  hearing  in  both  ears  may  result.  The 
temporal  cortex  adjacent  to  the  acoustic  area  is  associative  in 
function,  being  concerned  with  the  interpretation  of  sounds, 
that  is,  with  understanding  the  meaning  and  significance  of 
the  various  kinds  of  sound,  e.g.,  words,  music,  etc.,  and  with 
the  association  of  a  particular  sound  with  visual,  tactile,  or  other 
sensations. 

T he  occipital  lobe.  The  cortical  area  for  vision  —  the  visual 
area  —  is  situated  chiefly  on  the  inner  aspect  of  the  occipital 
lobe,  but  it  also  extends  around  the  posterior  extremity  of  the 
lobe  to  a  small  part  of  its  lateral  surface.  Impulses  from  the 
right  halves  of  the  two  retinas  are  transmitted  to  the  visual  area 
of  the  right  hemisphere,  impulses  from  the  left  halves  of  the 
retinas  to  the  left  visual  area  (see  PI.  13  B).  Destruction  of 
the  visual  cortex  on  one  side  of  the  brain,  therefore,  causes 
blindness  in  the  corresponding  halves  of  the  retinas  only  (see 
p.  638).  The  remainder  of  the  posterior  part  of  this  lobe  is 
associative  in  function;  upon  its  activity  depend  the  recognition 
and  interpretation  of  visual  impressions,  and  the  integration  of 
these  with  other  sensations. 
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Electrical  activity  of  the  cerebrum,  the  electroencephalogram. 
It  was  discovered  in  1929,  by  Berger,  a  German  physician,  that 
rhythmical  changes  in  electric  potential  —  electrical  currents  of 
low  potential  —  were  occurring  almost  continuously  in  the 
cerebral  cortex,  and  could  be  recorded  in  man  by  means  of  pad 
electrodes  applied  to  the  scalp  (see  Fig.  12-23).  They  can  also 
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Fig.  12-22  Vertical  transverse  section  through  the  brain  to  show  its  in- 

ternal  structure.  Note  the  commissural  fibers  forming  the  corpus  cal¬ 
losum  and  the  projection  fibers  descending  from  the  cortex  through 
the  internal  capsule. 

be  picked  up  by  needle  electrodes  in  contact  with  the  skull  bone. 
Such  a  record,  obtained  by  a  highly  sensitive  electrical  device 
(amplifier  and  oscillograph),  and  a  photographic  apparatus,  is 
called  an  electroencephalogram;  the  recording  instrument  is 
known  as  the  electroencephalograph.  Two  types  of  wave  are  to 
be  seen  in  the  record  of  a  normal  person  in  the  waking  state  but 
with  his  eyes  closed ;  they  are  designated,  respectively,  the  alpha 
and  beta  waves.  The  alpha  waves  have  a  frequency  of  about 
10  per  second  and  a  voltage  of  around  50  microvolts.^  They 

^  A  microvolt  is  one  millionth  of  a  volt;  a  millivolt  is  one  thousandth  of  a  volt 
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persist  when  the  eyes  are  open  and  the  visual  field 'is  uniform, 
as  when  the  subject  looks  at  a  blank  wall  or  other  surface  with¬ 
out  pattern.  They  disappear  when  the  view  is  broken  up  by 
a  pattern,  such  as  one  composed  of  several  objects,  or  contain¬ 
ing  areas  of  light  and  shade,  etc.  The  beta  waves  are  of  higher 
frequency  (25-50  per  second)  and  of  smaller  amplitude- — that 
is,  of  lower  voltage,  namely  from  5-10  microvolts.  The  beta 
waves  are  recorded  best  from  the  skull  overlying  the  motor  area 
of  the  cerebral  cortex,  whereas  the  alpha  waves  are  seen  best 
in  records  from  the  occipital  region  —  that  is,  overlying  the 
visual  area  in  which  they  apparently  arise. 


Fig.  12-23  The  electroencephalogram  recorded  from  the  occipital  re¬ 
gion  of  the  skull.  Eyes  closed  up  to  O  in  tracing,  when  they  were 
opened  to  a  broken  view;  kept  open  to  C,  when  again  closed.  Note 
almost  complete  disappearance  of  the. waves  from  O  to  C. 

A  third  type  of  wave,  called  the  delta  is  rarely 'ob¬ 

tained  in  the  electroencephalogram  of  a  normal  person  while 
he  is  awake,  but  appears  during  sleep.  These  waves  have  a 
very  low  frequency  (1-5  per  second)  and,  very  often,  a  rela¬ 
tively  high  voltage  (up  to  200  microvolts). 

The  electroencephalogram  is  not  affected  by  dividing  the 
brain  below  the  cerebrum  (through  the  mid-brain).  Tlie  elec¬ 
trical  currents  are  not  due,  therefore,  to  afferent  impulses  as¬ 
cending  to  the  cerebrum  from  lower  levels,  but  appear  to  be  a 
manifestation  of  an  inherent  electrical  activity  of  the  nerve 
cells  of  the  cerebrum  itself,  and  especially  of  the  cerebral  cor¬ 
tex. 

Departures  from  the  normal  configuration  of  the  electro¬ 
encephalogram  are  seen  in  several  abnormal  conditions  of  the 
brain,  notably,  epilepsy  and  cerebral  tumors.  A  study  of  such 
records  is  often  of  considerable  value  in  diagnosis. 

The  optic  thalamusj  corpus  striatum  and  internal  capsule. 
The  optic  thalamus  is  a  large  mass  of  gray  matter  buried  in 
each  cerebral  hemisphere  just  above  the  mid-brain.  The  third 
ventricle  separates '  the  optic  thalami  of  the  two  sides  (Fig. 


592  THE  CENTRAL  NERVOUS  SYSTEM 

12-22).  The  corpus  striatum  is  an  irregular  mass  of  gray  matmr 
ymg  to  the  outer  side  of  the  optic  thalamus  but  separated  from 
It  by  a  streak  of  white  matter  known  as  the  internal  capsule 
The  latter  structure  is  composed  of  bundles  of  ascending  and 
descending  nerve  fibers  (e.g.,  corticospinal  and  sensory  tracts') 
t  IS  a  bottle-neck  pass  which  all  fibers  must  traverse  in  order 
to  reach  lower  levels  of  the  nervous  system,  and  through  which 
all  sensory  fibers  destined  for  the  cortex  must  ascend.  An  in¬ 
jury  to  the  internal  capsule,  therefore,  causes  extensive  damage 
to  the  conducting  pathways;  paralysis  and  often  sensory  loss  on 
the  opposite  side  of  the  body  result.  Paralysis  confined  to  one 
side  of  the  body  is  called  hemiplegia.  It  most  commonly  fol¬ 
lows  rupture  of  a  blood  vessel  supplying  the  internal  capsule 
with  consequent  mterruption  of  the  motor  and  sensory  paths.’ 
The  immediate  effect  of  hemorrhage  into  the  internal  capsule 
is  loss  of  consciousness  and  paralysis  of  all  four  limbs.  This 
condition,  called  cerebral  apoplexy  or  in  popular  parlance  “  a 
stroke,  lasts  for  a  variable  time;  the  subject  may  die  without 
regammg  consciousness.  If  he  survives,  the  paralysis  on  one 
side  disappears  as  consciousness  is  regained,  but  loss  of  power 
m  the  muscles  of  the  face  and  limbs  on  the  side  of  the  body 
opposite  to  that  of  the  hemorrhage  persists.  The  tone  of  the 
affected  muscles  is  increased  (spasticity),  the  tendon  reflexes 
are  exaggerated  and  the  normal  plantar  reflex  is  replaced  by 
the  Babinski  response  (p.  572).  In  other  words,  the  signs  are 
tiiose  of  an  upper  motor  neuron  lesion  (p.  581). 

The  optic  thalamus  and  corpus  striatum  are  intimately  con- 
necte  y  nerve  fibers,  and  both  these  gray  masses  arc  con¬ 
nected,  as  well,  with  the  cerebral  cortex,  and  with  the  spinal 
cord,  cerebellum,  and  other  parts  of  the  nervous  system.  All 
sensory  paths  conveying  impulses  of  pain,  temperature,  touch, 
and  muscle  sense  enter  the  thalamus.  The  sensation  of  pain, 
of^rwgh  contact  and  extremes  of  temperature -heat  above 

m„  G.  — are  appreciated  in.  the  thala¬ 

mus  Itself.  The  thalamus  is  therefore  an  organ  of  crude  con- 
sciousness.  The  finer  sensations,  i.e.,  light  touch,  moderate 

changes  m  temperature -warmth  and  coolness -and  mus- 
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cle  sense,  are  perceived  by  the  somesthetic  region  of  the  parietal 
cortex.  The  impulses  subserving  these  sensations  are  relayed 
to  the  parietal  cortex  by  fibers  which  arise  in  the  thalamus  and 
ascend  in  the  internal  capsule.  The  cortex  of  the  parietal  lobe 
brings  a  discriminating  and  critical  ability  to  bear  upon  the 
impulses  which  it  receives,  being  capable  of  judging  the  lesser 
gradations  in  stimulus  intensity,  and  of  detecting  minor  quali¬ 
tative  differences  in  sensation.  The  thalamus  possesses  no  such 
discriminating  capability.  The  parietal  area  of  the  cortex  is 
believed  also  to  send  impulses  to  the  thalamus  which  restrain 


Fig.  12-14  The  corpus  striatum. 

I,  thalamus;  2,  caudate  nucleus, 
a,  head,  b,  tail;  3,  lentiform  nu¬ 
cleus;  4,  libers  of  internal  capsule. 

(2,  3  and  4  constitute  the  corpus 
striatum.) 

its  activity.  When  released  from  cortical  restraint,  the  thala¬ 
mus  reacts  in  an  “  all  or  none  ”  manner,  a  diffuse,  ill-defined 
but  intensely  unpleasant  sensation  being  aroused  by  ordinarily 
mildly  painful  stimuli,  or  by  moderate  changes  in  temperature. 

The  corpus  striatum  is  a  large  gray  mass  bent  upon  itself  in 
such  a  way  that  in  a  horizontal  section  of  the  brain  it  appears  as 
two  separate  gray  masses  —  the  caudate  nucleus  ^  and  the  lenti’- 
form  nucleus  (Figs.  12-23  12-24).  The  latter  consists  of 

two  parts:  the  outer  and  larger  part  is  called  the  putamen;  and 
the  inner  part  the  globus  pallidus.  The  lentiform  nucleus  is 
separated  from  the  thalamus  by  the  posterior  limb  of  the  inter¬ 
nal  capsule,  and  from  the  caudate  nucleus  by  the  latter’s  ante¬ 
rior  limb.  The  striate  body  has  numerous  fiber  connections  with 
other  parts  of  the  nervous  system,  e.g.,  with  the  premotor  area 
of  the  cerebral  cortex,  the  thalamus  and  the  red  nucleus,  and 

3  The  term  micleus  is  used  to  denote  any  circumscribed  group  of  nerve  cells  or 
isolated  mass  of  gray  substance  within  the  central  nervous  system. 
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through  the  latter  with  the  cerebellum  and  spinal  centers.  Of 
the  functions  of  the  corpus  striatum  little  is  definitely  known 
It  IS  concerned  in  some  way  with  the  control  of  skeletal  muscle 
tone;  it  probably  also  exerts  a  steadying  influence  upon  mus 
cular  movements.  In  disease  of  the  corpus  striatum  or  of  its 
connections,  marked  rigidity  of  the  muscles  —  flexors  and  ex¬ 
tensors— is  seen.  The  resistance  offered  by  a  limb  to  passive' 
movement  has  suggested  a  comparison  with  a  lead  pipe  (“  lead 
pipe”  rigidity).  Tremor  or  jerkiness  of  the  limbs,  upon  at¬ 
tempting  a  voluntary  movement,  is  also  a  common  manifesta- 
tmn  of  disease  of  the  corpus  striatum.  Both  these  signs,  namely 
rigidity  and  tremor,  are  seen  in  paralysis  agitans,  the  name 
given  to  one  form  of  disease  of  the  striate  body. 

The  hypothalamus.  This  is  the  region  at  the  base  of  the 
brain  lying  behind  the  optic  chiasma  (p.  638)  and  beneath  the 
floor  of  the  third  ventricle.  It  contains  several  groups  of  nerve 
cells  —  the  hypothalamic  nuclei  —  which  constitute  centers  con¬ 
trolling  the  sympathetic  and  parasympathetic  functions.  Axons 
from  three  groups  of  nerve  cells  -  the  supra-optic.  paraventric 
ular,  and  tuberal  nuclei  — toxm  a  bundle  of  nerve  fibers  known 
as  the  hypothdamico-hypophyseal  tract.  This  tract  enters  the 
neural  lobe  of  the  hypophysis  (pituitary  body).  It  governs  the 
liberation  of  the  hormones  of  this  part  of  the  pituitary  (Fig. 
12-25).  Injury  or  stimulation  to  this  region  of  the  brain  affects 
one  or  more  of  the  fundamental  processes  of  the  body,  e.g, 
vasomotor  control,  temperature  regulation,  fat,  carbohydrate 
and  water  ,  metabolism,  interference  with  the  development  of 
the  sex  functions,  as  well  as  gastro-intestinal  motility.  It  has 
been  reported  that  electrical  stimulation  of  the  hypothalamus 
m  animals  induces  a  sleep-like  state.  It  also  appears  to  be  a 
center  from  which  the  reactions  expressing  the  primitive  emo¬ 
tions  are  controlled.  For  when,  in  an  experimental  animal,  all 
restraint  of  the  higher  centers  of  the  brain  is  withdrawn  by 
removal  of  the  entire  cerebral  cortex,  the  reactions  of  an  en- 
S  animal  are  exhibited.  Thus,  a  cat,  which  be¬ 
fore  the  operation  was  a  placid  friendly  animal,  spits  and  bares 
Its  claws  when  approached;  its  fur  bristles  and  its  tail  becomes 
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bushy,  as  when  a  normal  cat  is  attacked  by  a  dog.  This  state  of 
the  decorticated  animal  has  been  appropriately  termed  “  sham 
rage.”  When,  on  the  other  hand,  a  tract  of  fibers  connecting 
the  frontal  lobe  with  the  hypothalamus  is  severed,  a  naturally 
wild  and  unfriendly  animal  becomes  docile  and  affectionate. 
This  latter  observation  has  been  put  to  practical  advantage  in 


Fig.  12-25  Diagram  of  the  hypothalamic  region  and  the  hypophysis. 
OC,  optic  chiasma;  P,  posterior  hypothalamic  nuclei;  SO,  supra-optic 
nuclei;  T,  tuber  cinereum;  V,  paraventricular  nuclei;  III,  third  ventricle 
of  the  brain. 


the  treatment  of  certain  mental  states  in  man.  Section  of  this 
connecting  nerve  tract  (the  forcbrain  bundle)  is  often  followed 
by  improvement  of  the  mental  condition.  ■ 

The  mid-brain  or  mesencephalon.  The  mid-brain  is  the 
short,  narrow,  pillar-like  portion  of  the  brain,  lying  immedi¬ 
ately  below  the  optic  thalami.  It  is  traversed  by  a  narrow  canal 
called  the  cerebral  aqueduct;  this  communicates  above  with  the 
third  ventricle  of  the  brain  and  below  with  the  fourth  ventricle. 
The  greater  part  of  the  mid-brain  lies  in  front  of  the  cerebral 
aqueduct,  and  consists  of  the  two  cerebral  peduncles.  Ante¬ 
riorly  the  .latter  are  separated  by  a  cleft,  and  appear  as  two 
stout  columns  which  emerge  from  the  pons  below,  and  plunge 
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into  the  substance  of  the  cerebrum  above.  Each  column^  which 
is  termed  the  base  of  the  peduncle,  transmits  the  corticospinal, 
frontopontine,  and  temporopontine  tracts  of  the  corresponding 
side  of  the  brain.  Posteriorly  the  peduncles  are  fused  into  a 
single  structure  called  the  tegmentum  (L.  tego,  I  cover)  which 


Fig.  12-26  Dmgram  of  a  transverse  section  through  the  mid-brain. 

I,  inferior  colliculi;  2,  lateral  lemniscus;  3,  cerebral  aqueduct;  4,  medial 
lemniscus;  5,  red  nucleus;  6,  nucleus  of  oculomotor  nerve;  7,  substantia 
nigra;  8,  temporopontine  tract;  9,  corticospinal  tract;  10,  frontopon¬ 
tine  tract;  ii,  crossing  of  rubrospinal  tracts  (decussation  of  Forel); 

I2j  fibers  of  oculomotor  nerve. 

contains,  on  each  side  of  the  mid-line,  an  ovoid  mass  of  gray 
matter  the  red  nucleus  —  and  two  smaller  gray  masses,  the 
nuclei  of  the  oculomotor  and  trochlear  nerves.  This  part  of  the 
mesencephalon  also  transmits  two  bundles  of  sensory  fibers  — 
the  lateral  and  medial  lemnisct.  The  former  is  the  pathway  for 
auditory  impulses,  the  latter  for  impulses  of  touch,  pain,  muscle 
sense,  etc.  (Fig.  12-26). 

The  part  of  the  mid-brain  lying  posterior  to  the  cerebral 
aqueduct  is  called  the  tectum  (L.  tectum,  roof,  from  tego,! 


Fig.  12-27  mid-brain  looking  from  behind  and  to  one  side,  cere¬ 

bellum  removed,  i,  superior  colliculi;  2,  inferior  colliciili;  3,  superior 
brachium;  4,  inferior  brachlum;  5,  lateral  geniculate  body;  6,  medial 
geniculate  body;  7,  optic  tract;  8,  optic  thalami;  9,  cerebral  peduncles; 

10,  pons;  II,  sectioned  middle  cerebellar  peduncle;  12,  superior  cere¬ 
bellar  peduncle;  13,  medulla  oblongata;  14,  pineal  body. 

The  parts  of  the  mid-brain  lying  anterior  or  ventral  (see  Fig.  12-26) 
to  the  cerebral  aqueduct  are  known  as  the  cerebral  peduncles.  Behind 
or  dorsally  the  latter  are  fused  and  constitute  tlie  tegmentum,  but  are 
separated  in  front  by  a  deep  cleft  to  form  two  pillar-like  structures;  in 
cross  section  they  appear  as  crescentic  masses  of  white  matter.  They 
are  called  the  bases  of  the  peduncles.  The  part  of  the  mid-brain  lying 
posterior  or  dorsal  to  the  cerebral  aqueduct  and  known  as  the  tectum 
comprises  the  superior  and  inferior  colliculi  (also  known  as  the  corpora 
quai'igemina). 

cover).  It  consists  of  two  pairs  of  rounded  eminences  called, 
respectively,  the  superior  and  inferior  colliculi.  The  superior 
colliculus  receives  impulses  from  the  retina  and  is  connected 
with  the  spinal  centers  through  a  tract  of  descending  fibers  — 
the  tectospinal  tract.  It  is  a  center  for  visual  reflexes,  e.g., 
movements  of  the  head  and  eyes  in  response  to  retinal  stimuli. 
The  inferior  colliculus  receives  auditory  impulses,  and  serves  as 
an  auditory  reflex  center,  e.g.,  pricking  of  the  ears  in  response 
to  sound. 
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A  small  oval  eminence  is  seen  on  the  outer  side  of  each  col¬ 
liculus.  These  are  called,  respectively,  the  medial  and  later cd 
geniculate  bodies.  The  former,  which  is  connected  by  a  strand 
of  fibers,  called  the  inferior  brachium,  with  the  inferior  col¬ 
liculus,  receives  the  bulk  of  the  fibers  comprising  the  auditory 
pathway  (the  lateral  lemniscus;  see  also  p.  680).  The  lateral 
geniculate  body  receives  most  of  the  fibers  of  the  optic  tract 
(p.  640)  and  is  connected  by  a  band  of  fibers  —  the  superior 
brachium  —  with  the  superior  colliculus  (see  Fig.  12-27). 

The  red  nucleus  {nucleus  ruber)  is  connected  by  fiber  tracts 
with  the  cerebral  cortex,  corpus  striatum,  thalamus,  cerebellum, 
and  spinal  cord.  Its  functions  are  imperfectly  understood,  but 
it  appears  to  be  an  integral  part  of  the  nervous  mechanism  con¬ 
trolling  the  execution  of  skilled  muscular  movements.  The 
fibers  which  descend  to  the  spinal  centers  are  called  the  rubro¬ 
spinal  tracts.  Upon  issuing  from  the  lower  part  of  the  red 
nucleus  these  fibers  cross  with  the  fibers  of  the  opposite  side. 
This  crossing  is  called  the  decussation  of  Forel. 

The  pons  (pons  Varolii).  The  pons  is  that  part  of  the  brain 
stem  lying  below  or  (in  quadrupeds)  behind  the  mid-brain  and 
above  the  medulla  oblongata.  It  transmits  the  corticobulbar, 
cortiscospinal,  and  rubrospinal  tracts,  and  the  medial  and  lateral 
lemnisci.  It  contains  the  sensory  nucleus  of  the  trigeminal 
nerve  and  the  nuclei  of  the  facial  and  abducent  nerves.  It  is 
in  communication  with  the  cerebellum  through  the  middle 
cerebellar  peduncle,  and  with  the  cerebrum  through  the  fronto¬ 
pontine  and  temporopontine  tracts.  The  fibers  of  these  tracts 
synapse  with  nerve  cells  in  the  substance  of  the  pons  called  the 
pontine  nuclei.  The  axons  of  cells  composing  these  nuclei  re¬ 
lay  impulses  to  the  cerebellum. 

The  medulla  oblongata.  The  medulla  oblongata  is  the  con¬ 
tinuation  upward  of  the  spinal  cord.  It  is  somewhat  conical  in 
shape,  broadening  as  it  ascends,  until  at  its  junction  with  the 
pons  its  circumference  is  nearly  double  that  of  its  lower  end. 
A  canal,  the  continuation  upward  of  the  central  canal  of  the 
spinal  cord,  runs  through  the  center  of  the  lower  half  of  the 
medulla,  but  in  the  upper  half  the  posterior  wall  of  the  canal 
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opens  out  to  form  a  lozenge-shaped  space  called  the  fourth 
ventricle.  The  floor  of  the  fourth  ventricle  is  composed  of  gray 
matter  —  the  prolongation  upward  of  the  anterior  horns  of  the 
cord  which,  through  the  opening  of  the  central  canal,  have  be¬ 
come  exposed.  Upon  the  anterior  aspect  of  the  medulla  are  two 
vertical  columns  called  the  pyramids,  formed  by  the  cortico¬ 
spinal  (pyramidal)  tracts.  At  the  junction  of  the  medulla 
with  the  spinal  cord,  the  pyramid  of  each  side  divides  into  a 
smaller  and  a  larger  part.  The  latter  crosses  (decussates)  with 
that  of  the  opposite  side  and  descends  in  the  lateral  column  of 
the  cord.  The  smaller  division  descends  uncrossed  in  the  ante¬ 
rior  column  of  the  cord  (see  p.  580).  The  medial  fillets  (see 
below)  cross  {sensory  decussation')  a  little  above  the  decussa¬ 
tion  of  the  pyramids  {motor  decussation)  and  ascend  behind 
the  latter.  The  nuclei  orfhe  eighth,  ninth,  tenth,  eleventh,  and 
twelfth  cranial  nerves  are  situated  in  the  medulla;  it  also  con¬ 
tains  the  nucleus  gracilis  and  the  nucleus  cuneatus,  and  the  so- 
called  vital  centers  —  cardiac,  vasomotor,  and  respiratory.  It 
is  connected  through  the  inferior  cerebellar  peduncle  with  the 
cerebellum  (p.  606). 

Summary  of  sensory  pathways  in  the  brain.  As  mentioned, 
on  page  582,  impulses  reaching  the  nuclei  gracilis  and  cuneatus 
along  the  fibers  of  the  posterior  columns,  are  relayed  upward 
by  secondary  neurons.  The  axons  of  the  latter,  after  leaving  the 
nuclei  and  crossing  to  the  opposite  side  {sensory  decussation), 
ascend  through  the  medulla,  pons,  and  mid-brain  forming  a 
tract  known  as  the  medial  fillet  or  lemniscus.  The  medial  fillet 
is  joined  by  the  anterior  and  lateral  spinothalamic  tracts,  as  well 
as  by  fibers  carrying  impulses  from  the  face  {trigeminal  lemnis¬ 
cus).  These  four  sets  of  sensory  fibers  lead  to  the  optic  thala¬ 
mus.  From  here  all  sensations  except  pain  and  extremes  of 
temperature  (see  p.  592)  are  relayed  by  other  neurons  to  the 
postcentral  (somesthetic)  area  of  the  cerebral  cortex  (p.  589). 

The  cranial  nerves.  The  nerves  arising  from  the  brain  are 
twelve  in  number  on  each  side.  They  are  designated  by  num¬ 
bers  in  the  order  of  their  origin,  from  before  backward  Ro¬ 
man  numerals  I  to  XII  are  usually  employed  in  referring  to 
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Fig.  12-28  The  base  of  the  brain  showing  the  origins  of  the  cranial 
nerves,  numbered  from  i  to  12. 


them,  or  the  words  first,  second,  third,  and  so  on  (see  Fig. 
12-28).  Each  nerve  also  receives  a  name  descriptive  of  its  func¬ 
tion  or  distribution.  The  numbers  and  the  corresponding 
names  of  the  cranial  nerves  are  given  in  the  following  list. 


1.  Olfactory 

II.  Optic 

III.  Oculomotor 

IV.  Trochlear 

V.  Trigeminal 
VI.  Abducent 


hist  of  the  Cranial  Nerves 

VII.  Facial 

VIII.  Acoustic  (or  auditory) 

IX.  Glossopharyngeal 

X.  Vagus 

XI.  Accessory 

XIL  Hypoglossal 
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T he  olfactory  nerves,  or  nerves  of  smell,  are  distributed  to  the 
olfactory  jnucous  membrane  covering  the  roof  of  the  nose. 
They  will  be  described  in  the  section  on  the  sense  of  smell 
(P-703)- 

The  optic  nerve,  or  nerve  of  sight,  is  composed  of  the  axons 
of  the  ganglion  ceils  of  the  retina.  The  central  connections  of 
the  fibers  of  the  optic  nerve  will  be  described  in  the  section  on 
vision  (p.  638). 

The  oculomotor  nerve  arises  from  a  group  of  nerve  cells  — 
the  nucleus  of  the  oculomotor  nerve  —  situated  in  the  gray  mat¬ 
ter  of  the  floor  of  the  cerebral  aqueduct  (p.  595).  The  fibers 
course  forward  through  the  mid-brain,  emerging  from  the  in¬ 
ner  aspect  of  the  cerebral  peduncle.  The  oculomotor  nerve  sup¬ 
plies  all  the  eye  muscles  w'ith  the  exception  of  the  superior  ob¬ 
lique  and  external  rectus,  which  are  innervated,  respectively,  by 
the  trochlear  and  abducent  nerves.  It  also  conveys  parasympa¬ 
thetic  fibers  to  the  constrictor  muscle  of  the  iris,  and  to  the  cili¬ 
ary  muscle. 

T he  trochlear  nerve  has  its  nucleus  in  the  floor  of  the  cerebral 
aqueduct,  a  little  behind  the  oculomotor  nucleus.  It  emerges 
from  the  brain  at  the  lateral  border  of  the  pons.  The  trochlear 
nerve  supplies  the  superior  oblique  muscle  of  the  eyeball. 

T he  trigeminal  nerve  contains  both-  sensory  and  motor  fibers. 
Its  motor  fibers  are  the  axons  of  a  gjroup  of  cells  situated  in  the 
upper  part  of  the  pons.  This  collection  of  gray  matter  is  called 
the  motor  nucleus  of  the  trigeminal.  The  sensory  fibers  origi¬ 
nate  in  the  trigeminal  {semilunar)  ganglion  which  lies  upon  the 
floor  of  the  skull,  and  is  homologous  widi  the  posterior  root 
ganglia  of  the  spinal  nerves.  The  central  processes  (axons)  of 
the  ganglion  cells  form  a  short  trunk  —  the  sensory  root  of  the 
trigeminal  —  which  enters  the  brain  with  the  motor  root. 
Within  the  brain,  the  fibers  of  the  sensory  root  divide  into 
ascending  and  descending  groups.  The  former  end  in  a  col¬ 
lection  of  gray  matter  —  the  superior  sensory  nucleus  of  the 
trigeminal  —  situated  in  the  pons  close  to  the  motor  nucleus. 
These  fibers  convey  the  discriminative  qualities  of  sensation, 
namely,  light  touch,  localization,  kinesthetic  sense,  etc.,  from 
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the  face.  The  (descending  fibers  terminate  in  the  spinal  nu¬ 
cleus  of  the  trigeminal  nerve  —  an  elongated  mass  of  gray  sub¬ 
stance,  extending  from  the  lower  part  of  the  pons  to  the  upper 
part  of  the  spinal  cord.  The  fibers  entering  the  spinal  nucleus 
transmit  impulses  of  the  crude  forms  of  sensation  from  the  face, 
namely,  pain  and  extremes  of  temperature.  The  peripheral 
processes  of  the  cells  of  the  trigeminal  ganglion  are  distributed 
to  the  skin  of  the  face,  forehead,  and  anterior  half  or  more  of 
the  scalp,  to  the  eyeball  and  conjunctiva,  to  the  mucous  mem¬ 
brane  of  the  nasal  cavities,  to  the  teeth  and  gums,  and  to  the 
anterior  two  thirds  of  the  tongue.  The  motor  fibers  of  the  tri¬ 
geminal  supply  the  muscles  of  mastication. 

The  abducent  nerve.  The  abducent  nucleus  is  situated  in  the 
lower  part  of  the  pons  beneath  the  floor  of  the  fourth  ventricle. 
The  nerve  emerges  from  the  anterior  aspect  of  the  brain  in  the 
groove  lying  between  the  pons  and  the  upper  end  of  the  pyr¬ 
amid  of  the  medulla  oblongata.  It  supplies  the  external  rectus 
muscle  of  the  eyeball. 

The  facial  nerve  has  a  large  motor  and  a  small  sensory  root. 
The  fibers  forming  the  motor  root  arise  from  the  motor  nu¬ 
cleus,  which  lies  in  the  lower  part  of  the  pons.  This  root  also 
transmits  secretory  and  vasodilator  (parasympathetic)  fibers  to 
the  submaxillary  and  sublingual  glands;  these  fibers  arise  from 
a  separate  group  of  nerve  cells  —  the  superior  salivatory  nucleus 
—  lying  in  close  proximity  to  the  motor  nucleus.  The  motor 
root  of  the  nerve  leaves  the  anterior  aspect  of  the  brain  at  the 
lower  border  of  the  pons.  The  fibers  of  the  sensory  root  (also 
called  the  nervus  intermedius)  are  the  axons  of  cells  simated  in 
the  facial  {geniculate)  ganglion  which  lies  within  a  canal  in 
the  temp()ral  bone.  The  sensory  root  enters  the  brain  in  close 
association  with  the  motor  root.  The  peripheral  processes  of 
the  ganglion  cells  are  distributed  to  the  anterior  two  thirds 
(Df  the  tongue  (see  Fig.  13-60,  p.  703).  They  transmit  impulses 
of  taste  to  a  nucleus  in  the  medulla  oblongata  named  the  tr actus 
solitarius.  From  the  latter  the  impulses  are  relayed  to  the  thala¬ 
mus  and  thence  by  tertiary  neurons  to  the  center  for  taste  in  the 
cerebral  cortex  (p.  703).  Both  taste  and  parasympathetic  fibers 
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(secretory  and  vasodilator)  leave  the  facial  trunk  in  its  chorda 
tympani  branch. 

The  motor  fibers  of  the  facial  nerve  form  a  stout  trunk  which 
leaves  the  cranial  cavity  through  a  small  opening  in  the  floor  of 
the  skull.  The  nerve  curves  forward  below  the  ear  to  reach 
the  face,  where  it  breaks  up  into  numerous  branches.  These 
supply  the  muscles  of  the  face,  lips,  eyelids,  forehead  and  ante¬ 
rior  part  of  the  scalp. 

The  acoustic  or  auditory  nerve  is  entirely  sensory  in  function. 
It  consists  of  two  distinct  sets  of  fibers,  the  cochlear  and  vestib¬ 
ular  nerves.  The  courses  of  these  nerves  and  their  central  con¬ 
nections  are  described  on  pages  680  and  ^3,  respectively. 

The  glossopharyngeal  nerve  contains  motor,  sensory,  secre¬ 
tory,  and  vasodilator  fibers.  The  motor  fibers  issue  from  the 
tipper  part  of  the  nucleus  ambiguus  situated  in  the  medulla  ob¬ 
longata,  and  are  distributed  to  a  single  muscle  (the  stylopharyn- 
geus).  The  sensory  fibers  conduct  impulses  of  taste  from  the 
posterior  third  of  the  tongue  to  the  lower  part  of  the  tractus 
solitarius.  The  taste  impulses  are  relayed  to  the  optic  thalamus, 
and  thence  to  the  cerebral  center  for  taste.  Sensory  fibers  are 
also  distributed  to  the  mucous  membranes  of  the  pharynx,  ton¬ 
sil  and  palate;  they  convey  impulses  of  ordinary  sensation,  touch, 
temperature,  etc.  The  secretory  and  vasodilator  (parasympa¬ 
thetic)  fibers  leave  the  glossopharyngeal  nerve  in  the  tympanic 
branch  and  are  distributed  to  the  parotid  gland.  The  secretory 
and  vasodilator  fibers  have  their  origins  in  the  inferior  salim- 
tory  nucleus,  which  lies  belOw  the  superior  salivatory  nucleus 
(p.  326).  The  glossopharyngeal  nerve  also  supplies  a  sensory 
filament  —  the  sinus  nerve,  page  216  —  to  the  carotid  sinus. 

T he  vagus  nerve  contains  motor,  sensory,  secretory,  and  vaso¬ 
dilator  fibers.  The  motor  fibers  are  of  two  types  —  voluntary 
and  autonomic.  The  fibers  to  voluntary  muscle  originate  in 
the  lower  part  of  the  nucleus  ambiguus.  These  fibers  are,  ac¬ 
tually,  derived  from  the  cranial  root  of  the  spinal  accessory 
(ninth  cranial)  nerve;  they  supply  the  cricothyroid  muscle 
of  the  larynx,  and  the  inferior  constrictor  muscle  of  the 
pharynx.  The  autonomic  motor  fibers  are  distributed  to  the 
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muscle  of  the  bronchi,  heart,  esophagus,  stomach,  gall-bladder, 
pancreas,  small  intestine,  and  first  third  or  so  of  the  large  in¬ 
testine;  inhibitory  fibers  pass  to  the  heart  (p.  202).  The  invol¬ 
untary  motor  fibers,  the  secretory  fibers  (to  the  gastric  glands 
and  pancreas),  the  cardiac  inhibitory  fibers,  and  the  vasodilator 
fibers  belong  to  the  parasympathetic  division  of  the  autonomic 
system.  They  arise  from  the  dorsal  nucleus  of  the  vagus.  This 
nucleus  is  a  mixed  one,  for  it  is  also  a  terminal  for  sensory 
fibers.  Some  of  the  latter  connect  with  motor  autonomic  neu¬ 
rons  within  the  dorsal  nucleus,  which  thus  functions  as  a  reflex 
center. 

The  vagus  emerges  from  the  lateral  aspect  of  the  medulla  ob¬ 
longata  as  a  series  of  rootlets  which  soon  join  to  form  a  stout 
trunk.  This  leaves  the  skull  through  the  jugular  foramen,  and 
passes  down  the  neck  in  close  relation  to  the  internal  and  com¬ 
mon  carotid  arteries.  Two  ganglia  are  situated  upon  the  vagus 
trunk,  the  upper  one  lies  within  the  jugular  foramen  at  the 
base  of  the  skull;  the  other  just  below  the  point  where  the  nerve 
issues  from  the  skull.  The  sensory  fibers  of  the  vagus  have 
their  origin  within  these  ganglia. 

The  accessory  nerve  is  entirely  motor  in  function,  and  con¬ 
sists  of  a  cranial  and  a  spinal  root.  The  cranial  fibers  arise  from 
a  nucleus  lying  below,  and  continuous  with  the  lower  end  of 
the  nucleus  ambiguus.  They  leave  the  side  of  the  medulla  ob¬ 
longata  as  four  or  five  delicate  strands,  which  after  uniting,  pass 
from  the  skull  through  the  jugular  foramen.  The  spinal  fibers 
are  the  axons  of  anterior  horn  cells  situated  in  the  upper  five 
cervical  segments  of  the  spinal  cord.  This  part  of  the  nerve 
enters  the  cranial  cavity  through  the  foramen  magnum  and  re¬ 
enters  the  neck  through  the  jugular  foramen.  Within  the  lat¬ 
ter  foramen  it  joins  the  cranial  part,  but  becomes  separate  again 
almost  immediately. 

Most  of  the  muscles  of  the  pharynx,  larynx,  and  soft  palate 
are  supplied  by  the.  cranial  part  of  the  accessory  nerve.  The 
fibers  pass  into  the  pharyngeal  and  laryngeal  branches  of  the 
vagus,  through  which  they  are  distributed  to  voluntary  muscles 
in  these  structures  (cricothyroid  and  pharyngeal  constrictors). 
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The  spinal  part  sends  fibers  to  certain  muscles  of  the  neck  and 
shoulder  (sternomastoid  and  trapezius). 

The  hypoglossal  nerve  is  distributed  entirely  to  the  muscles 
of  the  tongue.  Its  fibers  arise  from  the  hypoglossal  nucleus  in 
the  medulla  oblongata,  and  appear  as  a  series  of  rootlets  in  the 
groove  situated  on  the  anterolateral  aspect  of  the  pyramid.  The 
rootlets  leave  the  skull  through  the  hypoglossal  canal  and  unite 
just  below  the  base  of  the  skull.  The  trunk  so  formed  curves 
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Fig.  12-29  The  cerebellar  hemi.spheres  and  vermis  from  below. 

forward  in  the  upper  part  of  the  neck  to  reach  the  cavity  of  the 
mouth. 

The  cerebellum.  The  cerebellum  is  situated  behind  the 
brain  stem  (mid-brain,  pons,  and  medulla),  and  beneath  the 
posterior  portions  of  the  cerebral  hemispheres  (Fig.  12-17, 
P-  583)-  It  is  composed  of  two  lateral  masses,  the  cerebellar 
hemispheres  (Fig.  12-29)  ^t^d  a  central  elongated  worm-like 
structure,  called  the  vermis  (L.  u/orm).  The  white  matter  of 
the  cerebellum  forms  a  central  branching  framework  within 
the  substance  of  each  hemisphere,  and  in  the  center  of  the 
vermis.  The  gray  matter  covering  the  terminal  stems  of  this 
structure  constitutes  the  cerebellar  cortex.  The  cortex  of  the 
hemispheres  is  thus  constructed  of  a  number  of  leaves  flattened 
against  one  another  with  only  their  edges  appearing  on  the 
surface.  The  cerebellar  cortex  is  composed  of  several  layers  of 
cells,  but  unlike  the  cerebral  cortex  is  of  uniform  structure 
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throughout.  Large  cells  with  flask-shaped  bodies  and  exten¬ 
sive  dendritic  arborization  —  the  cells  of  Purkjnfe  —  are  pe¬ 
culiar  to  the  cortex  of  the  cerebellum  (see  Fig.  12-30). 

Each  half  of  the  cerebellum  is  connected  with  the  rest  of  the 
central  nervous  system  through  three  compact  bundles  of  nerve 


fibers,  called  the  cerebellar  pedun¬ 
cles.  The  superior  cerebellar  pe¬ 
duncle  (or  brachium  confuncti- 
vum)  plunges  into  the  mid-brain 
and  transmits  impulses  from  the 
cerebellum  to  the  red  nucleus  and 
thalamus  and,  through  the  latter,  to 
the  motor  area  of  the  cerebral  cor¬ 
tex  (see  Fig.  12-31).  It  also  trans¬ 
mits  the  ventral  spinocerebellar 
tract  v/hich  conveys  impulses  to  the 
cerebellum  from  the  spinal  cord 
(p.  582).  The  impulses  which 
leave  the  cerebellum  by  its  superior 
peduncle  originate  in  the  cerebellar 
cortex.  They  pass  first  to  one  or 
other  of  three  masses  of  gray  mat¬ 
ter  —  the  cerebellar  nuclei  —  em- 


Fig.  12-30  Section  of  the 
cerebellar  cortex  showing 
minute  structure,  a,  Pur- 
kinje  cell. 


bedded  in  the  white  matter  of  the 
hemispheres.  From  here  the  im¬ 
pulses  are  relayed  by  secondary 
neurons.  The  largest  of  the  cere¬ 


bellar  nuclei  is  called  the  dentate  nucleus;  the  axons  of  cells 


composing  this  gray  mass  make  up  the  bulk  of  the  fibers  leav¬ 
ing  the  cerebellum  by  the  superior  peduncle. 

The  middle  peduncle  (or  brachium  ponds')  transmits  im¬ 
pulses  from  the  pons  to  the  cerebellum ;  its  fibers  arise  from  the 


pontine  nuclei  which,  as  stated  elsewhere,  receive  impulses  from 
the  frontal  and  temporal  regions  of  the  cerebral  cortex  (fronto¬ 
pontine  and  temporopontine  tracts).  No  fibers  leave  the  cere¬ 
bellum  by  this  peduncle. 

The  inferior  peduncle  (or  restiform  body')  connects  the  cere- 
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bellum  with  the  lower  part  of  the  medulla  oblongata.  It  is 
composed,  mainly,  of  fibers  of  the  dorsal  (direct)  spinocerebel¬ 
lar  tract  and  of  fibers  arising  in  the  vestibular  nuclei  in  the  me¬ 
dulla  oblongata  {vestibulocerebellar  tract).  Thus,  through  the 
inferior  cerebellar  peduncle  the  cerebellum  receives  propriocep- 


Fig.  12-31  Showing  the  three  pairs  of  cerebellar  peduncles,  i,  superior 
peduncle;  2,  middle  peduncle;  3,  inferior  peduncle;  4,  superior  collicu- 
lus;  5)  inferior  colliculus;  6,  floor  of  fourth  ventricle  forming  posterior 
aspect  of  pons  and  medulla  oblongata;  7,  spinal  cord.  (Redrawn  after 
Hirschfeld  and  Leveille.) 


tive  impulses  from  the  labyrinth  (p.  693)  and  the  skeletal  mus¬ 
cles.  The  inferior  peduncle  also  transmits  impulses  jrom  the 
cerebellum  to  the  vestibular  nuclei  {cerebellovestibular  tract). 

The  junctions  of  the  cerebellum  are  concerned  with  volun¬ 
tary  movements,  yet  they  play  no  part  apparently  in  initiating 
such  movements.  An  animal  deprived  of  its  cerebellum  shows 
no  actual  paralysis,  but  its  movements  are  shaky,  jerky,  and 
poorly  controlled.  In  man,  injury  or  disease  of  the  cerebellum 
causes  the  same  lack  of  muscular  control;  movements  are  not 
executed  smoothly  and  evenly,  and  with  the  nicety  of  direction 
and  force  characteristic  of  normal  muscular  action.  For  exam¬ 
ple,  the  subject  of  cerebellar  deficiency  if  asked  to  touch  his  nose 
with  his  finger  moves  the  arm  jerkily  and  fails  to  hit  the  mark 
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The  gait  is  staggering  in  character;  the  muscles  are  hypotonic, 
and  the  limbs  show  a  coarse  tremor  upon  attempting  any  move¬ 
ment.  Ataxia  is  the  term  applied  in  general  to  disorders  of  vol¬ 
untary  muscular  control;  those  resulting  from  disease  of  the 
cerebellum  are  therefore  grouped  under  the  designation  cere¬ 
bellar  ataxia. 

As  a  result  of  numerous  experiments  upon  animals  and  of 
studies  of  cerebellar  deficiency  in  man  (gunshot  wounds  or 
disease),  it  is  now  generally  believed  that  the  chief  function  of 
the  cerebellum  is  to  blend  or  synergize  the  actions  of  the  differ¬ 
ent  muscles  engaged  in  a  given  movement.  Through  cere¬ 
bellar  activity  the  contractions  of  the  individual  muscles,  or 
groups  of  muscles,  are  so  timed  and  graded  in  force  that  their 
combined  action  results  in  a  smooth  and  effective  movement. 
The  anatomical  basis  for  such  function  has  been  outlined  above. 
Its  superior  peduncles  connect  the  cerebellum  with  the  motor 
area  of  the  cerebral  cortex  on  the  one  hand,  and  on  the  other 
hand,  through  the  red  nucleus  and  the  rubrospinal  tracts,  with 
the  anterior  horn  cells  of  the  spinal  cord.  Through  the  spino¬ 
cerebellar  tracts,  on  the  other  hand,  the  cerebellum  is  kept  con¬ 
stantly  “  informed  ”  of  the  position  of  the  limbs  and  move¬ 
ments  of  the  muscles.  Through  the  vestibulocerebellar  tracts 
it  receives  impulses  from  the  labyrinth  acquainting  it  with 
movements  of  the  head  in  space. 

The  impulses  reaching  the  cerebellum  give  rise  to  no  sensa¬ 
tion  ;  the  cerebellum  carries  on  its  activities  entirely  beneath  the 
level  of  consciousness. 

The  Autonomic  Nervous  System 

The  autonomic  (G.  autos,  self,  nomos,  law,  i.e.,  self  govern¬ 
ing)  or  involuntary  nervous  system  governs  those  functions 
which  are  carried  out  automatically,  and  which  under  ordi¬ 
nary  circumstances  do  not  obtrude  upon  consciousness.  These 
functions  include  the  control  of  the  rate  of  the  heart,  the  move¬ 
ments  of  the  gastro-intestinal  tract,  the  caliber  of  the  small 
blood  vessels,  the  contraction  or  inhibition  of  smooth  muscle 
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in  various  other  structures,  e.g.,  skin,  urinary  bladder,  gall 
bladder,  and  bronchi,  and  the  secretion  of  the  sweat  glands 
and  of  various  digestive  glands. 

The  efferent  nerves  of  the  autonomic  nervous  system  arise 
from  groups  of  cells  situated  at  different  levels  of  the  central 
nervous  system,  from  the  mid-brain  to  the  sacral  region  of  the 
spinal  cord.  The  fibers,  after  issuing  from  the  brain  or  corf*'" 
make  connections  with  nerve  cells  situated  either  in  a  gang-' 
lion  or  in  the  innervated  organ  itself  (muscle  or  gland).  Thus, 
every  autonomic  pathway  consists  of  two  neurons.  The  axon, 
whose  cell  body  lies  within  the  central  nervous  system,  is  called 
the  preganglionic  fiber,  that  of  the  outlying  (ganglionic)  nerve 
cell,  the  postganglionic  fiber  (see  PL  12  A). 

The  autonomic  nervous  system  is  divided  upon  an  anatomical 
as  well  as  upon  a  physiological  basis  into  two  parts,  called  the 
sympathetic  and  the  parasympathetic  divisions  (see  PL  ii). 

The  parasympathetic  division.  The  parasympathetic  division 
is  subdivided  into  a  cranial  and  a  sacral  part  or  outflow.  The 
preganglionic  fibers  of  the  cranial  outflow  arise  from  groups  of 
cells  situated  in  the  mid-brain,  pons,  and  medulla  oblongata. 
The  mid-brain  fibers  originate  in  the  oculomotor  nucleus  and 
connect  with  cells  in  the  ciliary  ganglion;  postganglionic  fibers 
are  distributed  to  the  iris,  and  transmit  impulses  which  constrict 
the  pupil.  The  cells  in  the  pons  are  in  close  association  with 
the  nucleus  of  the  facial  nerve,  the  preganglionic  fibers  are  con¬ 
veyed  in  the  chorda  tympani  branch  of  the  facial  nerve  to  gang¬ 
lion  cells  situated  in,  or  in  close  relation  to  the  submaxillary  and 
sublingual  (salivary)  glands.  From  here  the  impulses  are  trans¬ 
mitted  by  postganglionic  fibers  to  the  gland  cells.  The  fibers 
in  the  chorda  tympani  nerve  are  vasodilator  as  well  as  secretory 
in  function. 

In  the  medulla,  the  cells  giving  rise  to  the  parasympathetic 
fibers  are  situated  in  the  glossopharyngeal  and  vagus  nuclei. 
The  former  enter  the  glossopharyngeal  nerve  and  pass  to  the 
otic  ganglion;  from  here  postganglionic  fibers  conveying  vaso¬ 
dilator  and  secretory  impulses  are  relayed  to  the  parotid  gland. 

The  vagus  nerve  is  composed  in  the  main  of  parasympa- 
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thetic  fibers;  these  have  a  very  wide  distribution  —  to  the  heart, 
bronchioles,  esophagus,  stomach,  small  intestine,  and  first  third 
of  the  large  intestine,  and  to  the  pancreas,  liver,  gall-bladder, 
and  bile  ducts.  The  preganglionic  fibers  of  the  vagus  may, 
therefore,  be  two  feet  or  more  in  length,  whereas  the  postgang¬ 
lionic  fibers  are  very  short.  The  latter  form  a  rich  plexus  — 
Auerbach’s  plexus  —  in  the  walls  of  the  gastro-intestinal  tract, 
bronchioles,  and  biliary  ducts.  Groups  of  (ganglionic)  nerve 
cells  are  scattered  throughout  the  plexus  of  fibers. 

The  cells  of  the  sacral  outflow  are  situated  in  the  second, 
third,  and  fourth  sacral  segments  of  the  spinal  cord.  The  fibers 
leave  the  cord  by  the  anterior  spinal  nerve  roots.  Separating 
again  from  the  other  anterior  root  fibers,  they  combine  to  form 
the  pelvic  nerve.  This  nerve  supplies  motor  fibers  to  the  distal 
two  thirds  of  the  large  bowel  and  to  the  wall  of  the  urinary 
bladder,  and  vasodilator  fibers  to  the  penis  and  clitoris.  It  also 
contains  inhibitory  fibers  to  the  internal  anal  sphincter  and  to 
the  internal  sphincter  of  the  bladder.  The  postganglionic  fibers 
of  the  sacral  outflovv  arise  from  small  ganglia  situated  in  close 
proximity  to,  or  in  the  walls  of  the  innervated  organ. 

The  sympathetic  division.  The  preganglionic  fibers  of  the 
sympathetic  nerves  are  the  axons  of  cells  in  the  lateral  gray 
horns  of  the  spinal  cord  (p.  577),  from  the  first  thoracic  to  the 
second  or  third  lumbar  segments,  inclusive.  The  sympathetic 
is,  therefore,  commonly  referred  to  as  the  thoracicolumhar  out¬ 
flow  of  the  autonomic  nervous  system.  The  preganglionic 
fibers  leave  the  cord  by  the  anterior  roots  of  the  corresponding 
spinal  nerves.  The  ganglia  of  the  sympathetic  are  in  two  main 
groups,  the  vertebrd  and  the  prevertehral.  The  vertebral  gan¬ 
glia  are  situated  on  either  side  of  the  vertebral  column  (PI.  ii). 
They  appear  as  a  series  of  22  swellings  on  each  side,  connected 
together  to  form  a  long,  beaded  cord.  This  extends  from  the 
base  of  the  skull  to  the  coccyx,  and  is  called  the  gangliated  cord 
of  the  sympathetic.  The  prevertehral  ganglia  are  larger  than 
the  vertebral;  they  lie  in  front  of  the  spinal  column  and  in 
close  relation  to  the  aorta  and  its  branches. 

The  sympathetic  fibers  destined  for  the  supply  of  the  limbs 
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(blood  vessels,  sweat  glands,  and  smootli  muscle  of  the  skin) 
soon  separate,  from  the  anterior  nerve  roots  and  enter  the  ver¬ 
tebral  ganglia.  These  fibers  {preganglionic)  are  seen  issuing 
as  slender  glistening  strands,  one  from  each  anterior  spind 
nerve  root  from  the  first  thoracic  to  the  second  or  third  lumbar 
segment.  They  are  called  the  white  rami  communicantes.  The 
fibers  of  which  each  of  these  strands  is  composed  enter  the  ver¬ 
tebral  ganglion  corresponding  to  the  segment  of  the  spinal  cord 
from  which  they  arise;  here  synapses  are  usually  made,  by 
at  least  a  small  proportion  of  the  fibers,  with  nerve  cells 
(PL  12  A).  But  the  fibers  of  the  white  rami  communicantes 
do  not  necessarily  terminate  around  nerve  cells  in  the  ganglion 
which  they  first  enter ;  they  may  pass  up  or  down  the  gangliated 
cord  to  synapse  with  ganglion  cells  at  a  higher  or  lower  level. 
The  axons  of  the  cells  in  the  ganglia  {postganglionic  fibers) 
leave  the  ganglia  as  short  yellowdsh-pink  filaments,  known  as 
the  gray  rami  communicantes,  which  join  the  spinal  nerves. 
The  sympathetic  fibers  are  thus  distributed  to  the  periphery 
with  the  ordinary  motor  and  sensory  fibers.  All  the  spinal 
nerves  receive  postganglionic  fibers, '  though  the  anterior  roots 
of  only  a  proportion  of  the  spinal  nerves  (first  thoracic  to  second 
or  third  lumbar)  give  rise  to  white  rami  (preganglionic  fibers). 
That  is  to  say,  the  spinal  nerves  above  the  first  thoracic  segment 
or  below  the  third  lumbar  have  gray  rami  but  no  white  rami. 
The,  sympathetic  fibers  above  or  below  these  levels  must  travel 
up  or  down  thf  gangliated  cord  to  the  appropriate  vertebral 
ganglion  and  then  pass  as  gray  rami  to  the  spinal  nerves  (see 
Pi  ii). 

The  sympathetic  fibers  to  the  viscera  and  blood  vessels  of  the 
•abdomen  do  not  connect  with  the  vertebral  chain  of  ganglia, 
but  pass  to  the  prevertebral  ganglia  —  celiac,  superior  mesen- 
teric,  etc.  The  postganglionic  fibers  form  plexyses  around  the 
branches  of  the  abdominal  aorta,  from  which  the  vessels  and 
viscera  receive  their  sympathetic  supply.  The  fibers  passing 
from  the  spinal  cord  to  the  prevertebral  ganglia  are  collected 
on  each  side  into  three  welhdefined  strands  called  the  greater, 
lesser,  2iiA  least  splanchnic  nerves. 
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Functions  of  the  autonomic  nervous  system.  The  sympa¬ 
thetic  division  exerts  a  regulating  influence  on  a  great  num¬ 
ber  of  structures.  Through  the  cardiac  accelerator  nerves  it 
increases  the  rate  of  the  heart;  through  the  splanchnic  nerves 
it  inhibits  the  movements  of  the  intestinal  tract,  maintains  the 
tone  of  the  arterioles  of  the  abdomen,  hastens  the  formation  of 
glucose  from  glycogen  by  the  liver,  and  causes  the  liberation  of 
adrenaline  from  the  adrenal  medulla.  Through  the  part  of  the 
sympathetic  in  the  neck  —  the  cervical  sympathetic  —  impulses 
are  conveyed  to  the  pupil  (causing  dilatation),  to  the  salivary 
glands,  and  to  the  blood  vessels  of  the  head  and  neck.  Sympa¬ 
thetic  impulses  cause  relaxation  of  the  wall  of  the  urinary  blad¬ 
der,  but  contraction  of  the  internal  sphincter  of  this  organ. 
Sympathetic  fibers  in  the  cutaneous  nerves  transmit  motor  im¬ 
pulses  to  the  smooth  muscle  of  the  skin  and  secretory  impulses 
to  the  sweat  glands. 

Many  structures,  such  as  the  iris,  heart,  intestines,  urinary 
bladder,  salivary  glands,  and  pancreas,  receive  fibers  from  both 
divisions  of  the  autonomic  nervous  system.  The  actions  of  the 
two  upon  a  given  organ  are  antagonistic  and  balanced  one 
against  the  other,  the  activity  shown  by  the  organ  at  any  mo¬ 
ment  being  the  resultant  of  the  two  opposing  influences.  The 
parasympathetic  fibers  (vagus)  to  the  heart,  for  example,  are 
inhibitory,  the  sympathetic  excitatory.  On  the  other  hand, 
motor  fibers  {excitatory')  to  the  wall  of  the  intestine  are  derived 
from  the  parasympathetic,  the  inhibitors  from  the  sympathetic. 
The  walls  of  the  urinary  bladder  and  .intestine  receive  their 
motor  innervation  from  the  parasympathetic  (vagus  and  pelvic 
nerves),  whereas  the  sympathetic  is  inhibitory.  The  internal 
sphincters  of  the  bladder  and  anus  are  innervated  in  a  reverse 
manner;  they  are  excited  by  the  sympathetic  and  inhibited  by 
the  parasympathetic. 

A  summary  of  the  actions  of  the  parasympathetic  and  sym¬ 
pathetic  fibers  upon  a  number  of  structures  is  given  in  Table  26. 

The  sympathetic  and  the  hormone  of  the  adrenal  medulla 
arc  closely  similar  in  their  actions.  The  two,  acting  in  con¬ 
junction,  constitute  what  is  referred  to  as  the  sympatho-adrenal 
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TABLE  26 


Organ 

1  Parasympathetic 

Origin  oj sympathetic 

1  Sympathetic 

[  effects  * 

postganglionic  fibers 

1  effects 

Heart 

Vessels: 

Inhibition 

Superior  middle  and  inferior 
cervdcal  ganglia 

Acceleration 

Cutaneous 

Various  vertebral  ganglia 

Constriction 

Muscular 

Various  vertebral  ganglia 

Dilatation 

Coronary 

Constriction 

Cervical  ganglia 

Dilatation 

Salivary  glands 

Dilatation 

Superior  cervical  ganglion 

Constriction 

Pulmonary 

Constriction 

Thoracic  vertebral  ganglia 

Constriction  and 
dilatation 

Cerebral 

Dilatation 

Superior  cervical  ganglion 

Constriction 

Abdominal  and  pelvic 
viscera 

Dilatation 

Prevertebral  ganglia 

Constriction 

External  genitalia 

Dilatation 

Prevertebra!  ganglia 

Constriction 

Eye: 

Iris 

Constriction 

Superior  cervical  ganglion 

Dilatation 

Ciliary  muscle 

Contraction 

Superior  cervical  ganglion 

Relaxation 

Smooth  muscle  of  orbit 

Superior  cervical  ganglion 

Contraction 

and  upper  lid 

Bronchi 

Glands: 

Constriction 

;  Thoracic  ganglia 

Dilatation 

Sweat 

Vertebral  ganglia 

Secretion 

Salivary 

Secretion 

1  Superior  cervncal  ganglia' 

Secretion 

Gastric 

Pancreas 

Secretion 

Celiac  ganglion 

Inhibition 
Secretion  of  mucus 

Acini 

Secretion 

Celiac  ganglion 

Islets 

Secretion 

Celiac  ganglion 

Liver 

Celiac  ganglion 

Glycogenolysis 

Adrenal  medulla 

No  postganglionic  fibers 

Secretion 

Smooth  muscle: 

Of  skin. 

Vertebral  ganglia 

Contraction 

Of  stomach  wall 

Contraction  or  in¬ 
hibition 

Celiac  ganglion  ' 

Contraction  or 
inhibition 

Of  small  intestine 

Increased  tone  and 
motility 

Celiac  and  superior  mesen¬ 
teric  ganglia 

Inhibition 

Of  large  intestine 

Increased  tone  and 
motility 

Inferior  mesenteric  and  hy¬ 
pogastric  ganglia 

Inhibition 

Of -bladder  wall  (detru¬ 
sor  muscle) 

Contraction 

Inferior  mesenteric  and  hy¬ 
pogastric  ganglia 

Inhibition 

Of  trigone  and  sphincter 

Inhibition  ! 

Inferior  mesenteric  and  hy¬ 
pogastric  ganglia 

Contraction 

*  certain  exceptions,  e.g.,  those  supplying  the  sublingual  and  parotid  glands  and  the  sphincter 
pupiiiae,  the  postganglionic  fibers  of  the  parasympathetic  arise  from  cells  situated  in,  or  in  close 
proximity  to,  the  innervated  organ  itself. 


system  and  play  an  important  role  in  the  regulation  of  the  in¬ 
ternal  environment  of  the  body,  i.e.,  the  composition  and  tem¬ 
perature  of  the  fluids  bathing  the  cells  of  the  tissues.  Thus, 
through  its  effect  upon  the  blood  vessels,  sweat  glands,  and 
smooth  muscle  of  the  skin,  the  sympathetic  controls  heat  loss; 
through  its  action  upon  the  blood  vessels  it  also  varies  the  dis- 
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tribution  of  water  between  the  vascular  system  and  the  tissues. 
Through  an  action  upon  the  liver,  either  through  sympathetic 
nerve  impulses  or  the  liberation  of  adrenaline,  the  sugar  of  the 
blood  is  raised.  The  sympatho-adrenal  system  through  its 
various  activities  increases  the  body’s  efficiency  in  times  of  stress. 
Many  manifestations  of  an  animal  when  in  danger  or  when  its 
powers  are  being  taxed  to  the  utmost,  are  those  of  sympathetic 
stimulation,  e.g.,  dilated  pupils,  rapid  heart  action,  contraction 
of  the  spleen,  and  the  erection  of  hair  or  ruffling  of  feathers 
(due  to  contraction  of  cutaneous  smooth  muscle;  see  also 
p.  463). 

The  sympatho-adrenal  system,  highly  important  though  it  is, 
can  nevertheless  be  dispensed  with.  It  is  not.  essential  to  life 
nor  even  to  well-being,  provided  the  animal  is  not  exposed  to 
some  environmental  hazard.  Animals  from  which  the  entire 
sympathetic  and  the  medulla  of  both  adrenals  have  been  ex¬ 
cised  live  in  perfect  health  in  the  sheltered  surroundings  of  the 
laboratory.  They  cannot,  however,  withstand  cold  and  are  less 
well  equipped  than  a  normal  animal  to  meet  an  emergency 
which  demands  the  marshalling  of  its  resources,  either  to  de¬ 
fend  itself  or  to  fly  from  the  threatened  danger. 

The  transmission  of  autonomic  effects  by  chemical  substances. 
Research  of  recent  years  has  disclosed  the  amazing  fact  that 
many  sympathetic  and  parasympathetic  effects  are  not  brought 
about  directly  by  the  nerve  impulses  themselves,  but  by  chemi¬ 
cal  substances  which  the  impulses  cause  to  be  liberated  from 
the  nerve  endings.  In  treating  of  the  control  of  the  heart,  it 
has  been  mentioned  that,  when  the  vagus  is  stimulated, 
tylcholine  is  liberated,  and  is  the  direct  cause  of  the  inhibitory 
effect  upon  the  heart  muscle.  Similarly,  an  adrenalme-li\e 
substance,  now  generally  known  as  sympathin  (p.  465),  is  lib¬ 
erated  from  terminals  of  the  cardiac  accelerators,  and  from  cer¬ 
tain  other  nerves  of  the  sympathetic  system  (see  pp.  208  and 
465).  These  facts,  which  have  led  to  a  revolutionary  change  in 
our  ideas  of  peripheral  nervous  action,  have  been  supplemented 
within  the  last  few  years  by  a  number  of  observations  of  great 
interest  and  importance. 
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It  has  been  shown,  fof  example,  that  acetylcholine  is  lib¬ 
erated  at  the  terminals  of  such  parasympathetic  nerves  as  those 
going  to  the  iris  (in  the  oculomotor  nerve),  .to  the  salivary 
glands  (in  the  chorda  tympani),  to  the  stomach  and  intestines 
(in  the  va^s),  and  to  the  bladder -(in  the  pelvic),  as  well  as 
from  certain  sympathetic  nerves,’  e.g.,  from  those  to  the  sweat 
glands  and  from  those  which  cause  dilatation  of  the  vessels  of 
the  skeletal  muscles. 

Acetylcholine  liberation  also  plays  a  part,  though  its  exact 
nature  is  not  altogether  clear,  in  the  transmission  of  nervous 
effects  across  sympathetic  and  parasympathetic  synapses  —  that 
is,  from  preganglionic  fibers  to  the  ganglionic  cell.  Still  more 
extraordinary  is  the  discovery  that  acetylcholine  liberation  in  the 
region  of  the  motor-end  plate  is  an  essential  event  in  the  con¬ 
traction  of  skeletal  muscle. 

Following  the  suggestion  of  Sir  Henry  Dale,  the  English 
physiologist,  it  is  now  customary  to  speak  of  those  fibers  which 
liberate  an  adrenaline-like  substance  (sympathin)  as  adrener¬ 
gic,  and  those  which  liberate  acetylcholine  as  cholinergic.  All 
preganglionic  fibers  (sympathetic  or  parasympathetic),  all 
postganglionic  parasympathetic  fibers,  and  certain  postgan¬ 
glionic  sympathetic  fibers  (e.g.,  to  sweat  glands),  as  well  as  the 
fibers  of  voluntary  motor  nerves  are  cholinergic  (see  PL  12  B). 

Conditioned  Reflexes 

The  type  of  reflex  {unconditioned  reflex)  which  has  been  con¬ 
sidered  (pp.  327  and  561)  is  c^ried  out  entirely  through  cen¬ 
ters  situated  in  the  spinal  cord  or  lower  (subcortical)  levels  of 
the  brain.  Unconditioned  reflexes  are  inborn;  they  are  not  de¬ 
pendent  upon  past  experience,  education,  or  training.  In  con¬ 
ditioned  reflexes,  on  the  other  hand,  the  activity  of  the  cere¬ 
bral  cortex  plays  an  essential  role.  Conditioned  reflexes  were 
first  demonstrated  and  studied  by  Pavlov,  the  Russian  physi¬ 
ologist,  and  most  of  the  knowledge  which  we  possess  of  thk 
type  of  response  is  the  outcome  of  his  investigations.  An  un¬ 
derstanding  of  the  conditioned  response  can  best  be  gained  by 
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giving  a  few  examples  of  the  results  of  Professor  Pavlov’s  ex¬ 
periments. 

When  a  newborn  puppy  is  given  milk  to  drink  there  is  a  se¬ 
cretion  of  saliva,  due  to  the  stimulation  of  the  taste  buds  in  the 
mouth.  The  reflex  arc  in  this  instance  is  constituted  of  the 
nerves  of  taste,  the  salivary  centers  in  the  medulla,  and  the  se¬ 
cretory  fibers  (chorda  tympani  or  glossopharyngeal)  to  the 
salivary  glands.  This  is  a  simple  or  unconditioned  reflex.  It 
is  inborn,  and  quite  independent  of  previous  experience  gained 
through  any  of  the  organs  of  special  sense.  Now,  as  the  puppy 
grows  older  it  associates  the  appearance  or  smell  of  the  milk,  or 
both,  with  its  taste  and  the  pleasure  of  gratifying  the  appetite. 
The  mere  sight  or  smell  of  the  milk  will  then  elicit  a  secretion 
of  saliva;  such  a  response  is  called  a  conditioned  reflex.  Path¬ 
ways  have  become  established  in  the  brain  between  the  cortical 
center  for  sight  or  for  smell,  with  the  salivary  center.  In  other 
words,  the  visual  and  olfactory  stimuli  —  conditioned  stimuli 

—  set  up  impulses  which,  impinging  upon  the  salivary  centers, 
are  capable  alone  (i.e.,  without  stimulating  the  nerves  in  the 
mouth)  of  exciting  them  (see  diagram.  Fig.  12-32).  If,  on  the 
other  hand,  a  puppy  which  has  never  tasted  meat  is  offered 
some  (but  is  not  allowed  to  taste  it),  there  is  no  secretion  of 
saliva.  The  association  paths  between  the  higher  centers  of  the 
brain  and  the  secretory  centers  have  not  been  developed.  Con¬ 
ditioned  reflexes  become  established  not  only  with  respect  to 
feeding,  and  the  secretion  of  saliva,  but  in  many  other  similar 
ways  in  the  everyday  life  of  the  growing  animal.  Such  proc¬ 
esses  are  essentially  psychic  in  character  and  dependent  upon 
experience.  They  therefore  form  the  basis  of  training,  and  are 
of  the  greatest  biological  importance.  The  animal  through  the 
conditioning  process  reacts  appropriately  to  the  various  stimuli 

—  beneficial  or  injurious  —  in  the  environment. 

The  Pavlov  school  has  shown  that  conditioned  responses  can 
be  developed  experimentally  to  an  extraordinary  degree.  For 
example,  if  an  animal  is  fed  a  number  of  times,  during  or 
shortly  after  the  ringing  of  a  bell,  a  secretion  of  saliva  occurs 
merely  upon  ringing  the  bell.  The  contact  of  food  with  the 


Fig.  12-32  Upper  drawing,  showing  arrangement  for  carrying  out  a 
conditioned  reflex  experiment.  The  opening  of  the  parotid  duct  has 
been  transplanted  to  the  skin  of  the  check  so  that  the  saliva  as  it  is  se¬ 
creted  may  be  collected  and  measured.  The  animal  is  separated  from 
the  experimenter  by  a  partition  in  order  that  extraneous  types  of  stimu¬ 
lation  (e.g.,  movements  or  sounds  made  by  the  experimenter)  shall  not 
arouse  the  animal  s  interest  and  thereby  interfere  with  the  conditioning 
process.  (From  PavIoVj  Lectures  on  Conditioned  Reflexes,  Interna¬ 
tional  Publishers,  N.Y.)  Below,  diagram  to  illustrate  the  theory  of  the 
mechanism  underlying  conditioned  reflexes,  i,  taste  buds;  2,  salivary 
center;  3,  salivary  gland;  4,  occipital  (visual)  cortex;  S,  unconditioned 
stimulus;  C.S.,  conditioned  stimulus.  In  A  the  animal  is  fed  and  a 
stimulus  thus  applied  to  the  taste  buds.  In  B  a  conditioned  visual  stim¬ 
ulus  (e.g.,  a  flash  of  light)  is  applied  at  the  same  time  as  the  uncondi¬ 
tioned  stimulus.  A  pathw'ay  from  the  occipital  cortex  to  the  salivary 
center  is  thus  established.  In  C  the  conditioned  stimulus  is  applied 
alone.  Impulses  pass  from  the  visual  cortex  to  the  salivary  center  and 
evoke  salivary  secretion. 
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taste  buds  constitutes  the  unconditioned  stimulus,  the  sound  of 
the  bell  the  conditioned  stimulus.  The  flash  of  a  light,  the 
sound  of  a  buzzer,  horn,  or  ticking  metronome,  a  particular 
odor,  a  touch  upon  the  skin,  or  the  passive  movement  of  a 
limb  into  a  certain  position,  and  many  other  types  of  stimuli 
may  serve  for  the  establishment  of  the  conditioned  response  — 
that  is,  may  act  as  conditioned  stimuli. 

Inhibition  of  conditioned  reflexes.  There  are  two  main 
kinds  of  inhibition  affecting  conditioned  reflexes :  external  and 
internal.  External  inhibition  is  that  which  causes  an  estab¬ 
lished  conditioned  response  to  be  suppressed  when  the  animal 
is  distracted  by  something  which  he  sees  or  hears,  or  any  event 
extraneous  to  the  experiment  itself.'  Internal  inhibition  is  the 
failure  of  a  conditioned  reflex  to  be  elicited  after  it  has  been 
repeated  a  number  of  times  without  the  application  of  the 
original  unconditioned  stimulus.  For  example,  if  a  salivary 
conditioned  response  is  evoked  several  times  without  giving 
the  animal  food,  it  becomes  weaker  and  weaker  with  each 
repetition  and  finally  fails  completely.  The  response  is  said 
to  have  been  extinguished.  In  order  to  maintain  the  condi¬ 
tioned  response  at  full  strength,  the  unconditioned  stimulus 
must  be  employed  after  every  few  repetitions.  This  reapplica¬ 
tion  of  the  unconditioned  stimulus  is  called  reinforcement. 

Another  type  of  internal  inhibition  known  as  conditioned 
inhibition  is  best  explained  by  an  example.  Let  us  say  that  a 
salivary  conditioned  reflex  has  been  firmly  established  to  the 
sound  of  a  tuning  fork;  another  stimulus,  e.g.,  a  flash  of  light 
is  then  combined  with  it,  but  whenever  the  two  are  in  combina¬ 
tion  reinforcement  (feeding)  is  omitted.  Then  the  single 
stimulus,  namely,  the  sound  of  the  tuning  fork,  if  regularly 
reinforced,  causes  salivary  secretion  but,  if  combined  with  the 
flash  of  light,  does  not.  Thus  the  latter  stimulus  has  an  inhibi¬ 
tory  effect  upon  the  original  conditioned  response. 

The  conditioning  process  can  be  so  developed  that  stimuli 
closely  similar  in  character  can  be  differentiated  with  astonish¬ 
ing  precision.  A  dog  in  which  a  conditioned  salivary  reflex  has 
been  established  to  a  sound  of  a  certain  pitch  will  not  respond 
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to  a  sound  of  the  same  quality  and  intensity,  but  varying  in 
pitch  from  the  original  by  only  two  or  three  double  vibrations 
per  second. 

Differentiation  of  pisml  stimuli  can  also  be  developed  to  a 
phenomenal  degree.  Figures  of  various  shapes  —  a  cross,  square, 
or  circle  —  are  readily  differentiated  (see  Fig.  12-33).  A  circle 
can  be  differentiated  by  the  dog  from  an  ellipse,  whose  diam¬ 
eters  have  a  ratio  no  greater  than  9  to  10.  That  is,  if  a  salivary 

Fig.  12-33  Examples  of  different 
figures  which  were  successfully  dif¬ 
ferentiated  in  experiments  upon  a 
dog.  The  letter  T,  shown  in  the 
upper  left-hand  corner  of  the  figure, 
served  for  the  positive  stimulus,  the 
other  black  figures  and  the  white 
letter  T  were  differentiated  from 
the  positive  stimulus.  In  another 
dog  the  white  cross  was  the  positive 
stimulus  from  which  the  other 
white  figures  w^ere  differentiated. 

(From  Pavlov,  Conditioned  Re¬ 
flexes,  Oxford  University  Press.) 

conditioned  reflex  has  been  established  to  a  circular  object,  such 
as  an ,  unilluminated  disc,  it  alone  evokes  a  response.  A  disc 

precisely  tiie  same  in  all  respects  except  that  it  is  not  quite  cir¬ 
cular  but  has  diameters  in  the  ratio  of  9  to  10  will  not  cause  a 
secretion  of  saliva.  Olfactory,  tactile,  and  proprioceptive  stim- 
uh  can  likewise  be  differentiated  wdth  remarkable  precision. 

It  is  evident  that  conditioned  reflexes  afford  a  valuable  means 
for  studying  perception  in  animals.  It  has  been  established,  for 
example,  that  the  dog  possesses  the  ability  of  discriminating 
between  slight  variations  in  the  intensity,  quality,  and  pitch  of 
a  musical  note,  between  various  odors,  and  by  sight  between 
objects  of  different  sizes  and  shapes,  and  between  lights  of 
different  intensities.  Colors,  on  the  contrary,  cannot  be  dif¬ 
ferentiated,  nor  can  a  colored  object  be  distinguished  from  a 
colorless  one  of  the  same  size  and  shape.  It  is  concluded,  there¬ 
fore,  that  the  dog  is  totally  color  blind,  its  surroundings  being 
perceived  only  in  white,  gray,  and  black. 
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The  Physiology  of  Sleep 

During  sleep  most  of  the  functions  of  the  body  are  carried  on 
at  the  lowest  levels  possible  in  health.  Heat  production  is  from 
10  to  15  per  cent  below  the  so-called  basal  level.  The  mecha¬ 
nisms  regulating  the  body  temperature  are  less  sensitive  than  in 
the  waking  state  and  the  temperature  is  depressed  by  one  or 
two  degrees  Fahrenheit;  the  rate  of  the  heart  is  reduced  in  fre¬ 
quency  by  from  10  to  30  beats  per  minute,  and  a  decline  in 
blood  pressure  of  about  20  mm.  occurs  in  quiet,  restful  sleep. 
The  urine  volume  is  considerably  reduced,  but  its  concentration 
in  solids  is  increased.  The  cutaneous  vessels  are  usually  dilated 
and  the  secretion  of  sweat  is  stimulated.  The  tone  of  all  the 
skeletal  muscles  is  lessened,  the  deep  tendon  reflexes  are  de¬ 
pressed  or  abolished,  and  there  may  be  a  Babinski  (extensor) 
response  of  the  great  toe  (p.  572).  The  eyes  are  usually  rolled 
upward  and  the  pupils  constricted.  Gastric  motility  and  secre¬ 
tion  have  a  tendency  to  be  greater  during  sleep  than  in  the 
waking  state. 

Seriously  detrimental  effects  may  be  exerted  upon  the  nerv¬ 
ous  system  by  lack  of  sleep.  Experiments  upon  human  sub¬ 
jects  in  which  wakefulness  was  enforced  for  long  periods 
caused  profound  psychological  changes.  In  one  series  of  ex¬ 
periments  the  volunteers  went  without  sleep  for  periods  of  a 
duration  up  to  112  hours.  Loss  of  memory,  irritability,  hallu¬ 
cinations,  and  even  schizophrenic  manifestations  were  ob¬ 
served  within  from  30  to  60  hours  of  sleeplessness. 

The  required  hours  of  sleep;  depth  of  sleep.  The  amount  of 
sleep  required  at  different  ages  is  given  in  the  table  below. 
Adults  vary  greatly  in  the  hours  of  sleep  which  they  find  neces¬ 
sary  to  “  knit  up  the  ravelled  sleeve  of  care.” 

Hours 


New  born  .  18-20 

Growing  children  .  10-12 

Adults  .  6-9 

Aged  persons  .  5“'  7 
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The  depth  of  ordinary  restful  sleep  fluctuates  throughout  the 
sleeping  period.  In  most  adults,  sleep  deepens  through  the  first 
hour,  after  which  it  lightens  rather  sharply,  and  then  more 
gradually  until  morning,  or  until  the  usual  time  of  wakening. 
In  growing  children,  however,  sleep  deepens  a  second  time  for 
a  little  while  in  the  eighth  or  ninth  hour.  In  these  observations 
the  depth  of  sleep  was  judged  by  the  amount  of  movement  of 
the  subjects. 

Theories  of  sleep.  Many  theories  have  been  advanced  to 
explain  the  temporary  loss  of  consciousness  which  we  know  as 
sleep.  Their  very  multiplicity  emphasizes  the  difficulty  of  find¬ 
ing  a  satisfactory  explanation  of  the  physiological  processes 
underlying  the  phenomenon.  Probably  the  oldest  theory  is 
that  sleep  is  induced  by  a  reduction  in  the  blood  supply  to  the 
brain,  or  at  least  to  the  conscious  centers.  This  is  the  so-called 
ischemic  theory.  Even  the  ancient  Greek  physicians-  had  an 
idea  that  the  carotid  artery  was  in  some  way  concerned  with 
the  onset  of  sleep.  The  name  itself  embodies  this  belief  (G. 
\arotides,  carotid  arteries,  from  \aro6,  to  put  to  sleep).  In 
modern  times  the  drowsiness  after  a  meal  (the  blood  being 
diverted  presumably  from  the  brain  to  the  digestive  organs) 
was  pointed  to  in  support  of  the  ischemic  theory. 

Some  have  favored  a  chemical  theory,  in  one  form  or  another. 
Chemicals,  such  as  lactic  acid,  acetylcholine,  bromide,  or  a  spe¬ 
cific  ‘‘  fatigue  toxin  ”  was  supposed  to  accumulate  during  the 
waking  hours  which  acted  like  a  drug  upon  the  nerve  cells  of 
the  higher  centers  of  the  brain.  But  no  sound  evidence  can 
be  cited  in  confirmation  of  this  theory.  It  would  carry  us  too 
far  afield  to  discuss  the  various  theories,  nor  would  it  be  of 
much  profit  to  do  so.  But  three  theories  will  be  briefly  re¬ 
viewed. 

The  first  of  these  places  a  sleep  center  in  the  hypothalamus 
(p.  594).  A  state,  at  least  closely  resembling  sleep,  has  been 
induced  in  animals  by  the  electrical  stimulation  of  this  region 
of  the  brain.  It  is  also  true  that  many  of  the  bodily  changes  in 
sleep  are  manifestations  of  activity  of  hypothalamic  nuclei  (es¬ 
pecially  of  parasympathetic  centers),  such  as  constriction  of  the 
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pupil,  vasodilatation,  reduced  frequency  of  the  heart  beat,  in¬ 
creased  gastric  tone  and  secretion,  etc. 

The  second  theory  to  be  outlined  is  that  which  has  as  its 
chief  basis  the  reduction  in  the  discharge  of  the  afferent  im¬ 
pulses  from  the  periphery  to  the  conscious  centers.  During 
waking  hours,  these  centers  are  being  continually  “bom¬ 
barded  ”  by  impulses  from  the  organs  of  special  sense,  as  well 
as  from  the  skeletal  muscles  (impulses  of  kinesthetic  sense)  and 
semicircular  canals.  The  centers  are  being  constantly  “  alerted.” 
But  when  the  sum  of  these  impulses  is  reduced  to  a  minimum, 
consciousness  becomes  dulled  and  sleep  is  induced.  That  mus¬ 
cular  relaxation,  and  freedom  from  visual,  auditory,  and  cutane¬ 
ous  stimulation  are  conducive  to  sleep  needs  no  emphasis.  We 
require  a  dark  and  quiet  room,  a  soft  bed,  and  an  even,  com¬ 
fortable  temperature  in  order  to  sleep.  But  the  reduction  in  the 
flow  of  afferent  impulses  to  the  brain  can  be  no  more  than  a 
contributory  factor  in  the  onset  of  sleep,  for  the  presence  of  all 
the  desirable  conditions  mentioned  will  not  always  bring  sleep. 
On  the  other  hand,  sleep  may  supervene  in  the  face  of  the  most 
adverse  conditions,  in  a  bright  light  and  noisy  surroundings, 
and  even  on  hard  ground. 

Pavlov,  as  a  result  of  his  study  of  conditioned  reflexes  in 
dogs,  proposed  a  theory  of  sleep  based  upon  cortical  inhibition 
(p.  6i8)  caused  by  the  repeated  elicitation  of  a  conditioned 
response  without  reinforcement.  The  condkioned  inhibition 
thus  established  in  one  area  of  the  cerebral  cortex  may  spread 
to  associated  areas  and  finally  involve  the  entire  cortex.  Such 
widespread  cortical  inhibition  is  sleep,  according  to  Pavlov. 
It  may  be  induced  by  various  types  of  conditioned  stimulation, 
if  repeatedly  applied.  It  is  a  familiar  experience^that  a  monoto¬ 
nous  sound,  an  uninteresting,  unchanging  view,  a  boring  lec¬ 
ture  or  speech,  or  any  recurring  event  for  which  our  interest 
flags,  is  conducive  to  drowsiness.  Counting  sheep,  the  least 
exciting  of  animals,  is  a  well-known  device  resorted  to  by  those 
suffering  from  insomnia.  Pavlov  described  some  experiments 
in  which  the  animal  subject  would  fall  into  a  sleep-like  state 
standing  in  its  harness  and  even  while  it  was  being  stimu- 
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lated.  All  attempts  to  elicit  the  conditioned  response  failed. 
On  later  occasions^  it  would  fall  asleep  when  merely  brought 
into  the  room  where  the  previous  experiments  had  been  con¬ 
ducted.  The  well-known  surroundings  had  themselves  acted' 
as  conditioned  inhibitory  stimuli.  There  is  little  doubt  but  that 
the  familiar  appointments  of  our  bedroom  (we  know  very  well 
that  it  is  more  difficult  to  go  to  sleep  in  a  strange  room),  the 
preparation  for  bed,  the  feel  of  the  bed-coverings,  and  even  the 
time  of  retiring,  act  in  a  similar  way  upon  ourselves.  Having 
been  associated  innumerable  times  with  sleep,  they  act  as  in¬ 
hibitory  conditioned  stimuli,  and  induce  in  the  cerebral  cortex 
an  inhibitory  influence  wffiich  gradually  diffuses  over  broad 
areas. 

All  three  of  the  theories  which  have  been  briefly  sketched 
have  in  them  each  a  degree  of  truth,  but  no  one  alone  is  entirely 
satisfactory. 
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Chapter  1 3 

THE  SPECIAL  SENSES 

The  Physiology  of  Vision 

General  description  of  the  eye.  The  adult  human  eye  is 
shaped  like  a  globe  and  has  an  approximate  diameter  of  i  inch 
(24  mm.  running  antero-posteriorly  and  transversely,  and  23.5 
mm.  vertically).  It  is  actually  made  up  of  the  segment  of  two 
spheres.^  The  anterior  part  is  transparent  and  is  called  the 
cornea.  It  forms  about  one  sixth  of  the  globe  and  is  a  segment 
of  a  smaller  sphere  than  is  that  of  the  posterior  five  sixths  (see 
Fig.  13-1).  The  posterior  wall  of  the  globe  is  lined  by  a  light- 
sensitive  tissue  called  the  retina.  A  cylindrical  bundle  of  nerve 
fibers  —  the  optic  nerve  —  passes  from  the  posterior  pole  of  the 
globe  to  the  brain.  The  eye,  except  for  the  anterior  fifth  or  so 
of  its  circumference,  is  enclosed  in  a  bony  case,  the  eye  socket  or 
orbital  cavity,  but  a  thick  layer  of  areolar  tissue  is  interposed 
between  the  eyeball  and  the  bone,  which  serves  as  a  cushion  to 
buffer  it  against  external  violence.  The  eyeball  is  also  pro¬ 
tected  from  injury  by  the  eyelids  which,  as  we  know,  close 
reflexly  in  an  instant  to  prevent  dust  or  other  particles  from 
coming  into  contact  with  its  surface.  The  exposed  part  of  the 
eyeball  is  covered  by  a  delicate  membrane  called  the  con]unc- 
tiva  which  is  continued  forward  on  to  the  inner  surfaces  of  the 
lids.  When  the  lids  open  and  close,  the  apposed  conjunctival 
surfaces  slide  over  one  another.  The  surfaces  are  lubricated  by 
a  thin  film  of  tears  secreted  by  the  lachrymal  gland,  which  lies 
under  the  shelter  of  the  bone  forming  the  upper  and  outer  part 
of  the  wall  of  the  eye  socket.  The  tears,  after  flowing  over  the 
surface  of  the  eye,  are  drained  from  its  inner  angle  into  the  nose 
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by  two  small  tubes  —  the  lachrymal  ducts  (see  Fig.  13-2).  If  it 
were  not  for  the  continual  washing  and  lubrication  of  the  eye¬ 
ball  by  the  tears,  the  delicate  protective  membrane  would  soon 
become  dry  and  inflamed;  ulceration  of  the  corneal  surface 


CORNEA 


Fig.  13-1  Horizontal  section  throogh  the  eyeball  The  dotted  lines 
HC,  mark  a  narrow  canal  in  the  vitreous  bodv  (hyaloid  canal)  which, 
in  the  embryo,  lodged  the  hyaloid  artery. 


would  result.  The  tears  also  contain  a  material  known  as 
lysozyme  which  destroys  bacteria. 

The  coats  of  'the  eyeball.  The  wall  of  the  eye  is  composed 
of  three  layefs  dr  coats  —  an  outer,  a  middle,  and  an  inner  (see 

Fig.  13-1). 

The  outer  layer  or  sclerotic  coat  is  fibrous  in  character;  it 
preserves  the  form  of  the  eyeball  and  protects  the  more  delicate 
vascular  and  nervous  coats  within.  The  sclerotic  is  transparent 
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in  front  where  it  forms  the  cornea.  It  also  composes  that 
opaque  exposed  part  of  the  eyeball  surrounding  the  cornea,  and 
commonly  called  the  of  the  eye. 

The  middle  layer  or  choroid  coat  is  richly  vascular,  contain¬ 
ing  the  main  arteries  and  veins  of  the  eyeball.  It  completely 
surrounds  the  globe,  except  for  a  small  circular  opening  in 
front  called  the  pupl.  The  circular  band  of  choroid  immedi- 


Fig.  13-2  The  lachrymal  appara¬ 
tus.  I,  lachrymal  ducts;  2,  lachry¬ 
mal  sac;  3,  nasolachrymal  duct.  Re¬ 
gion  marked  off  by  interrupted  line 
indicates  the  position  of  the  lachry¬ 
mal  gland. 

ately  surrounding  the  pupil  and  colored  blue,  gray,  brown,  or 
hazel  is  called  the  iris. 

The  inner  layer  or  retina  contains  the  receptors  for  sight  — 
that  is,  those  elements  highly  specialized  to  respond  to  stimula¬ 
tion  by  light,  and  to  convert  luminous  energy  into  nerve  im¬ 
pulses.  The  retina  is  developed  as  an  outgrowth  of  the  primi¬ 
tive  brain;  it  is  therefore  essentially  nervous  in  structure  and 
function.  It  consists  of  several  layers ;  the  chief  of  these  from 
within  (i.e.,  from  the  interior  of  the  eyeball)  outward  are  as 
follows: 

1.  Layer  of  optic  nerve  fibers,' 

2.  Layer  of  ganglion  cells, 

3.  Inner  plexiform  layer, 

4.  Inner  nuclear  layer, 

5.  Outer  plexiform  layer, 

6.  Outer  nuclear  layer, 

7.  Layer  of  rods  and  cones,  and 

8.  Pigment  layer. 

The  layer  of  nerve  fibers  is  composed  of  the  axons  of  the 
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LAYER  OF  NERVE  FIBERS 
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ganglion  cells  of  the  next  underlying  layer  (see  Fig.  13-3). 
The  fibers  turn  horizontally  a  short  distance  from  their  origins 
and,  converging  toward  the  posterior  wall  of  the  globe,  form 
the  optic  nerve. 

The  inner  nuclear  layer  contains  relatively  small,  oval,  and 
flattened  cells  whose  central  processes  synapse  in  the  inner 
plexiform  layer  with  the  peripheral  branching  processes  (den¬ 
drites)  of  the  ganglion  cells.  Their  peripheral  (outward 
running)  processes  synapse  in  the  outer  plexiform  layer  with 
the  fibers  of  the  rods  and  cones.  The  outer  nuclear  layer  is 
composed  mainly  of  the  fibers  and  nuclei  of  the  rods  and  cones. 
The  plexiform  layers  are  composed  of  fibers  of  the  cells  in  the 
nuclear  layers  (or  ganglionic  layer)  on  either  side,  where,  as 
just  mentioned,  synapses  are  formed. 

The  rods  and  C07ies  are  the  receptors  of  sight.  They  are 
modified  nerve  cells.  When  light  strikes  them,  impulses  are  set 
up  and  transmitted  by  the  nerve  cells  of  the  inner  nuclear  layer  to 
the  ganglion  cells,  and  thence  by  the  axons  of  the  latter  (which 
constitute  the  optic  nerve)  to  the  visual  area  of  the  cerebral 
cortex  (see  p.  589).  It  is  evident  from  their  position  that  light, 
in  order  to  reach  the  rods  and  cones,  must  penetrate  all  layers 
of  the  retina  except  the  outermost  one  of  pigment  cells.  It 
should  also  be  mentioned  that,  though  the  visual  receptors  are 
stimulated  most  effectively  by  light,  they  respond  also  to  me¬ 
chanical  stimuli.  A  blow,  or  even  light  pressure  upon  the  eye¬ 
ball,  will  cause  a  visual  sensation  in  the  form  of  a  flash,  circle, 
or  star  of  light.  The  sensations  of  light  produced  by  pressure 
or  other  stimulus  applied  to  the  eye  with  the  lids  closed  are 
called  phosphenes. 

The  layer  of  pigment  cells  consists  of  a  single  row  of  hexag¬ 
onal  epithelial  cells.  The  cells  send  out  protoplasmic  proc¬ 
esses  which  are  insinuated  between  the  rods  and  cones.  The 
inner  zones  of  the  bodies  of  the  cells  contain  numerous  round 
and  rod-shaped  granules  of  a  dark  brown  pigment.  The  pig¬ 
ment  serves,  like  the  black  paint  on  the  inside  of  a  camera,  to 
absorb  light  which,  otherwise,  would  be  reflected  and  diffused 
to  cause  blurring  of  the  retinal  image.  In  the  eyes  of  the  frog 
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and  other  cold-blooded  forms,  a  strong  light  causes  the  pig¬ 
ment  granules  to  migrate  into  the  cell  pr6cesses  surrounding 
the  bases  of  the  rods  and  cones,  and  thus  to  prevent  more  ef¬ 
fectively  the  diffusion  of  light  from  one  receptor  to  another. 
In  dim  light,  the  granules  become  concentrated  toward  the  cell 
centers. 

The  fundus  ooili  The  posterior  part  of  the  interior  of  the 
eyeball  is  called  the  fundus  oculi.  It  can  be  examined  in  the 
living  subject  by  means  of  an  instrument  known  as  an  ophthal- 


Fig,  13-4  The  blind  spot  Close  the  right  eye,,  hold  the  figure  about 
six  inches  in  front  of  the  left  eye  and  look  steadily  at  the  white  disc. 
Move  the-'hook  slowly  toward  the  eye  until  the  cross  disappears.  When 
this  occurs  the  image  of  the  cross  has  fallen  upon  the  entrance  of  the 
optic  nerve  from  which  rods  and  cones  are  absent;  it  is  therefore  insen¬ 
sitive  to  light. 

moscope  which  throws  a  beam  of  light  through  the  pupil  onto 
the  retina.  The  optic  papilla  is  situated  in  the  center  of  the 
posterior  wall  of  the  eyeball  (see  PI.  13  A).  It  appears  as  a 
white  disc,  and  is  produced  by  the  convergence  of  the  visual 
fibers  to  form  the  optic  nerve.  The  retinal  blood  vessels  pierce 
the  papilla  near  its  center,  and  cross  its  face  to  reach  the  retina. 
The  papilla  is  composed  entirely  of  nerve  fibers,  the  rods  and 
cones  and  other  retinal  layers  being  absent.  It  is,  therefore,  in¬ 
sensitive  to  light  —  that  is,  an  object  is  invisible  if  its  image  falls 
upon  this  small  area.  The  optic  papilla  is,  for  this  reason, 
called  the  blind  spot  of  the  retma.  The  reader  is  referred  to 
Figure  13-4  for  a  demonstration  of  the  blind  spot  in  his  own 
eye. 

The  macula  lutea.  The  macula  lutea  (yellow  spot)  is  a 
small  yellowish  area  of  the  retina  situated  a  little  to  the  outer 
side  of  the  optic  papilla  (see  PI.  13  A).  The  color  of  this 
area  is  due  to  the  presence  of  a  yellow  pigment.  In  the  center 
of  the  yellow  spot  is  a  minute  depressed  area  known  as  the 
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fovea  centralis  (Fig.  13-5).  All  the  layers  of  the  retina,  except 
the  rod  and  cone  and  pigment  layers,  are  extremely  thin  in  this 
area;  it  is  about  half  a  millimeter  in  diameter  (-^  inch).  The 
fovea  is  the  region  of  most  acute  vision;  when  we  look  at  an 
object  the  eyes  are  directed  so  that  an  image  of  the  object  falls 
upon  the  fovea  of  each  eye.  Vision  in  the  rest  of  the  retina 
(called  the  peripheral  or  extrafoveal  retina)  is  much  less  sensi- 
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^3'5  Microscopical  appearance  of  the  fovea  centralis,  the  region 
of  most  acute  vision;  it  contains  cones  but,  in  man,  no  rods. 


tive,  and  enables  us  to  gain  only  a  dim,  ill-defined  impression 
of  our  surroundings. 

The  crystalline  lens  and  iris  (Fig.  13-1)  and  the  muscles  of 
the  eyeball  will  be  described  when  the  functions  of  these  struc¬ 
tures  are  being  considered. 

The  duplicity  theory  of  vision.  According  to  this  theory, 
which  is  now  universally  accepted,  the  rods  and  cones  have  dif¬ 
ferent  thresholds  of  excitation  and  also  show  differences  in 
function.  Vision  in  bright  light  {photopic  or  daylight  vision) 
and  the  perception  of  color  are  functions  of  the  cones.  The 
rods,  on  the  other  hand,  having  a  much  lower  threshold  than 
the  cones,  make  it  possible  to  see  in  dim  light  (scotopic  or  ttvi- 
light  vision).  That  is  to  say,  the  rods  respond  to  light  of  much 
lower  intensity  than  is  required  to  excite  the  cones.  But  the 
rods  do  not  give  rise  to  any  color  sensation;  this  is  a  sensation 
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entirely  dependent  upon  the  cones.  Rod  vision  is  in  black, 
white,  or  a  mixture  of  the  two,  namely,  gray.^  Thus  it  is  that 
at  twilight  the  color  of  the  landscape  fades,  or  seems  to  be 
brushed  over  with  a  gray  wash.  The  cones,  though  having 
a  higher  threshold  to  light  stimulation  than  the  rods,  are  capa¬ 
ble  of  much  more  acute  vision,  making  it  possible  for  us  to  per¬ 
ceive  the  more  precise  form  and  finer  detail  of  objects.  Many 
birds,  though  they  possess  very  acute  vision,  have  few  or  no 
rods  in  their  retinas;  the  part  of  the  human  retina  which  is  ca¬ 
pable  of  the  most  acute  vision,  namely,  the  fovea  centralis,  con¬ 
tains  only  cones.  When  we  look  at  an  object  the  eyes  are  so 
turned  that  the  image  falls  upon  this  small  central  area  of  the 
retina.  Surrounding  this  rod-free  region- — called  the  extra- 
fot/eal  or  peripheral  retina  —  there  are  both  rods  and  cones,  but 
the  cones  become  progressively  less  numerous  and  the  rods 
more  so,  from  the  center  of  the  retina  to  its  more  peripheral 
parts  until  rods  are  present  alone. 

The  retinas  of  night  birds,  such  as  the  owl,  and  certain  mam¬ 
mals,  such  as  the  rat,  contain  only  rods. 

The  greater  sensitivity  of  the  peripheral,  part  of  the  retina 
(rods)  in  dim  light  as  compared  with  the  foveal  region  (cones) 
is  sometimes  demonstrated  in  an  interesting  way  when  on  a 
dark  but  starry  night  we  may  see  a  small  star  out  of  the  “  cor¬ 
ner  of  the  eye  (i.e.,  when  its  image  falls  on  the  extra-foveal 
part  of  the  retina)  which  disappears  when  our  eyes  are  turned 
directly  toward  where  it  was  seen;  its  image  has  now  fallen  on 
the  fovea  which  in  the  prevailing  light  is  blind. 

If  a  subject  is  seated  in  a  dark  room  and  a  colored  object 
placed  before  him  which,  even  after  his  eyes  have  become  ac¬ 
customed  to  the  dark,  he  cannot  see,  and  the  object  is  then 
very  gradually  illuminated,  he  sees  it  without  color.  As  the 
illumination  is  further  increased,  and  the  threshold  of  the  cones 
is  reached,  the  object  is  seen  in  finer  detail  and  in  color.  The 
interval  between  the  threshold  of  the  rods  and  that  of  the 

^  It  is  thought  that  the  rods,  though  they  possess  no  power  of  color  discrimina¬ 
tion,  do,  nevertheless,  give  a  uniform  blue  tint  to  a  dimly  lighted  scene.  The  blue 
cast  given  to  our  surroundings  in  the  moonlight,  in  which  rods  alone  are  functioning, 
gives  support  to  this  belief. 
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cones  —  that  is,  the  interval  from  when  the  object  is  first  seen 
to  the  perception  of  its  color  —  is  called  the  colorless  or  achro¬ 
matic  interval.  The  rods,  like  the  chemical  on  a  photographic 
film,  are  almost  insensitive  to  deep  red.'  The  achromatic  inter¬ 
val  for  this  color  is  therefore  very  short.  That  is  to  say,  in  a  dim 
fight  a  deep  red  object  appears  nearly  or  quite  black,  for  black 
is  a  sensation  caused  by  complete  absence  of  retinal  stimulation. 
That  is  the  reason  that  at  twilight  in  the  garden  the  red  flowers 
lose  their  color,  appearing  as  dark  blotches,  whereas  yellow  and 
blue  flowers,  though  they  appear  without  color,  stand  out  as 
fight  patches  against  the  background. 

The  Purkinje  phenomenon.  The  evidence  for  the  duplicity 
theory  of  retinal  function  is  overwhelming.  The  Purkinje  ef¬ 
fect,  for  example,  clearly  shows  that  two  types  of  visual  recep¬ 
tor  are  present  in  the  human  retina.  The  Purkinje  phenome¬ 
non  is  the  shift  of  the  brightest  part  of  the  spectrum  with 
changes  in  the  intensity  of  illumination.  If  the  spectrum  (the 
series  of  colored  fights  from  red  to  violet,  as  in  the  rainbow, 
into  which  white  fight  is  split  by  a  prism)  is  viewed  at  high  il¬ 
lumination  its  brightest  part  is  in  the  yellow,  but,  when  the 
fight  intensity  is  reduced  to  that  of  twilight,  its  colors  fade.  The 
brightest  part  is  now  in  the  green;  if  has  shifted  to  the  right. 
The  cones  are  stimulated  maximally  by  pure  yellow  fight,  the 
rods  by  fight  green. 

Dark  and  light  adaptation.  It  is  a  familiar  experience  that 
we  are  for  a  time  quite  blind  after  passing  into  a  dark  room 
from  a  bright  one.  After  a  short  time  we  begin  to  see  dimly 
the  objects  around  us,  and  it  almost  seems  that  a  faint  fight  is 

2  There  may  be  some  contusion  here  in  the  reader’s  mind  with  regard  to  this 
statement,  that  deep  red  light  does  not  stimulate  the  rods,  or  docs  so  very  slightly. 
This  color  does  not  cause,  as  a  rule,  a  sensation  of  light  at  all,  whereas  green  and 
other  dim  colored  lights  are  appreciated  as  light  though  without  color.  In  other 
words,  deep  red  light  causes,  at  the  most,  only  a  very  slight  photochemical  reaction. 
This  fact  was  made  good  use  of  during  the  late  war.  It  was,  of  course,  of  the  ut¬ 
most  importance  that  in  air  raids  at  night  over  enemy  territory,  the  vision  of  the 
crew  should  be  at  maximum  efficiency.  Their  eyes  must  be  fully  dark-adapted.  But 
it  would  be  most^  irksome  for  the  crew  to  be  kept  in  the  dark  for  an  hour  or  so  before 
they  took  off  on  their  mission.  They  were,  therefore,  confined  in  a  room  illuminated 
by  red  light,,  where  they  were  able  to  amuse  themselves  playing  cards,  or  even  read¬ 
ing.  The  breakdown  of  rhodopsin  in  this  light  was  negligible;  night  vision  was 
therefore  maintained  at  maximum  efficiency.  See  visual  purple,  p.  633. 


THE  EYE  633 


gradually  illuminating  them.  The  effect,  however,  is  due  en¬ 
tirely  to  changes  which  occur  in  the  eye  which,  it  is  said,  be¬ 
comes  dar\  adapted.  The  process  is  called  dar\_  adaptation. 
Seeing  with  dark-adapted  eyes  is  called  scotopic  vision  or  rod 
vision.  Dark  adaptation  is  due  to, 

(1)  Increased  sensitivity  of  the  rods  as  a  result  of  the  regen¬ 
eration  of  the  light-sensitive  substance  visual  purple  (see 
below),  and 

(2)  Dilatation  of  the  pupil  w4ich  permits  more  light  to  enter 
the  eye. 

We  also  have  experienced  the  dazzling  effect  of  a  bright 
light  after  our  eyes  have  been  accustomed  to  the  dark.  But 
after  a  time  we  can  look  at  the  bright  objects  around  us  with¬ 
out  discomfort.  The  eyes  have  now  become  light  adapted,  and 
the  processes  bringing  this  about  are  termed  light  adaptation. 
The  vision  is  photopic  and,  since  it  is  due  to  the  cones,  may  also 
be  called  cone  vision.  The  evenfs  which  take  place  in  the  eye 
are  the  opposite  of  those  occurring  in  scotopic  or  rod  vision, 
namely, 

(1)  Bleaching  of  visual  purple  and  reduced  sensitivity  of  the 
rods,  and 

(2)  Contraction  of  the  pupil. 

Visual  purple  or  rhodopsui.  The  outer  segments  of  the  rods 
contain  a  rose-colored  pigment  which  has  been  named,  though 
somewhat  inaccurately,  visual  purple.  It  also  goes  by  the  name 
of  rhodopsin  (Gk.  rodon,  a  rose  -f-  ops,  the  eye).  This  sub¬ 
stance  is  of  protein  nature,  with  a  molecular  weight  around 
300,000.  A  pigment  of  the  carotene  group  (p.  422)  is  linked 
to  the  protein.  This  complex  compound  (protein  -f-  pigment) 
is  bleached  by  light  r.ays,  the  pigment  being  split  from  the  pro¬ 
tein  and  converted  to  vitamin  A.  These  products  are  colorless. 
An  intermediate  step  in  this  photochemical  change  is  the  for¬ 
mation  of  an  orange-yellow  pigment  called  retinene.  Thus, 


Rhodopsin  (visual  purple) 

(acted  upon  by  light) 


■  Retinene  -P  protein 
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Vitamin  A  +  protein 
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In  the  dark,  rhodopsin  is  resynthesized  from  vitamin  A  and 
protein. 

A  photochemical  substance  —  violet-colored  —  is  also  be¬ 
lieved  to  be  present  in  the  cones,  but  much  less  is  known  about 
it.  It  has  been  named  iodopsin  (Gk.  iodes,  violet-like). 

The  bleaching  of  rhodopsin  by  light  can  be  demonstrated  in 
a  rabbit’s  eye  which  has  been  recently  excised  in  a  darkroom. 
When  the  eye  is  directed  toward  some  brightly  illuminated 
object,  as  a  window  against  the  sky,  the  outlines  of  the  window 
frame  can  be  made  out  upon  the  retina, 
when  the  eye  is  opened  and  examined 
in  a  dim  light.  Where  the  light  fell 
upon  the  retina,  the  visual  purple  is 
bleached,  but  is  unchanged  where  the 
bars  of  the  window  cast  their  shadow 
(Fig.  13-6).  The  excised  eye  can  thus 
be  made  to  behave  as  a  camera,  the  vis¬ 
ual  purple  acting  like  the  chemical  in 
the  coating  on  the  film.  The  crude  pic¬ 
ture  so  formed  is  called  an  optogram. 
It  is  evident  then  that  the  initiation 
of  impulses  in  the  nervous  elements  of  the  retina  is  dependent 
primarily  upon  a  photochemical  process.  Defective  vision  in 
dim  light  (twilight)  —  an  abnormality  known  as  night  blind¬ 
ness  —  is  a  manifestation  of  vitamin  A  deficiency  or  is  due  oc¬ 
casionally  to  a  congenital  lack  of  visual  purple  (see  also  p.  ,423). 

The  sensitivity  of  the  retina.  The  fetina  of  the  dark-adapted 
eye  is  capable  of  responding  to  an  almost  infinitesimal  amount 
of  radiant  energy  (i.e.,  light  with  wave  lengths  between  4000 
and  about  8000  millimicrons).  It  is  some  3000  times  more  sen¬ 
sitive  than  a  rapid  photographic  film.  A  single  rod,  it  has  been 
calculated,  will  give  a  response  when  the  smallest  possible  quan¬ 
tity  of  light  (green)  energy  falls  upon  it.  Dr.  Pirenne  has  esti¬ 
mated  that  the  energy  liberated  when  a  pin  drops  to  the  ground 
from  a  height  of  one  inch,  if  converted  to  light  energy,  would 
be  sufficient  to  give  a  faint  visual  sensation  to  every  man  who 
had  ever  lived!  The  rods  are  not  equally  sensitive  to  light  of 


Fig.  13-6  An  optogram. 
The  circular  area  with  ra¬ 
diating  vessels  is  the  optic 
disc  (blind  spot). 
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ail  wave  lengths;  they  are  most  sensitive  to  light  green  rays 
(wave  length  around  5000  millimicrons).  The  cones  show 
their  greatest  sensitivity  for- yellow.  Sensitivity  for  both  types 
of  receptor  is  much  less  for  the  longer  (red)  and  shorter  (vio¬ 
let)  light  waves.  It  has  already  been  mentioned  that  the  rods 
are  almost  insensitive  to  deep  red. 

Those  who  have  had  even  a  very  limited  experience  in  pho¬ 
tography  know  that  with  respect  to  the  scene  which  we  propose 
to  photograph  two  factors  must  be  taken  into  account,  namely, 
(i)  the  time  of  exposure  (i.e.,  the  interval  between  the  opening 
and  the  closure  of  the  shutter  during  which  the  light  enters  the 
camera)  and  (2)  the  size  of  the  opening  or  stop  ”  of  the  dia¬ 
phragm.  It  is  entirely  a  question  of  the  quantity  of  light  to  which 
the  sensitive  film  is  exposed.  So  it  is,  within  limits,  with  the  ret¬ 
ina  ;  a  light  stimulus  of  a  certain  intensity  and  duration  which  is 
just  capable  of  causing  a  visual  sensation  becomes  ineffective  if 
either  its  duration  or  its  intensity  is  reduced.  Or  a  light  stimu¬ 
lus  which  is  just  beneath  the  threshold  becomes  effective  if  its 
duration  or  its  ^  intensity  is  increased.  A  similar  relationship 
holds  between  the  size  of  the  retinal  area  which  is  stimulated 
and  the  intensity  of  the  light.  That  is  to  say,  a  larger  object 
dimly  illuminated  will  be  seen,  whereas  a  smaller  one  even 
though  somewhat  more  brightly  illuminated  may  be  invisible. 
If  the  intensity  of  the  smaller  object  is  increased  so  that  the 
total  quantity  of  light  energy  is  equal  to  that  falling  upon  the 
retina  from  the  larger  body,  it  then  arouses  a  visual  sensation. 

The  reciprocal  relationship  between  duration  and  light  in¬ 
tensity  has  been  beautifully  shown  by  Dr.  Hartline  and  his  as¬ 
sociates.  A  flash  of  light  of  varying  duration  and  intensity  was 
thrown  into  the  eye  of  the  king  crab,  and  the  impulse  fre¬ 
quency  recorded  from  a  single  optic  nerve  fiber  (see  p.  522). 
It  will  be  observed  in  Figure  13-7  that  the  frequency  of  the  im¬ 
pulses  (intensity  of  response)  is  the  same  when  the  product  of 
the  duration  and  the  intensity  of  the  stimulus  (duration  X  in¬ 
tensity)  are  equal,  though  one  or  other  factor  was  varied. 

Visual  acuity.  The  ability  of  the  eye  to  determine  the  pre¬ 
cise  shape  and  detail  of  any  object,  or  to  recognize  the  separate- 
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ness  of  two  small  objects  placed  close  together  is  referred  to  as 
the  visual  acuity.  It  is  exhibited  in  the  highest  degree  by  the 
fovea  centralis  which,  in  the  human  retina,  is  composed  entirely 
of  cones.  It  is  seriously  reduced  by  refractive  errors  (myopia, 
etc.,  p.  668).  As  a  test  for  visual  acuity  in  the  diagnosis  of  re¬ 
fractive  defects  of  the  eyes  and  to  aid  in  their  correction  by 
means  of  glasses,  the  oculist  most  usually  employs  Snellens 
type.  These  consist  of  heavy  block  letters  printed  in  black 

_  DURATION _ 

OHOOt  0.001  o.ot  o.t 


Fig.  13-7  Showing  the  reciprocal  relationship  be¬ 
tween  the  intensity  and  duration  of  a  visual  stimu¬ 
lus.  Records  are  from  a  single  isolated  fiber  of  the 
optic  nerve.  (After  Hartline  and  Graham.) 

upon  a  white  ground.  The  letters  are  of  graded  sizes  ar¬ 
ranged  in  nine  horizontal  rows,  the  largest  letters  in  the  top 
row,  the  smallest  in  the  lowermost. 

The  subject  is  seated  6  meters  (approximately  20  feet)  from 
the  type  and  asked  to  read  the  rows  of  letters  down  to  the  small¬ 
est  which  it  is  possible  for  him  to  distinguish.  The  visual  acu¬ 
ity  is  expressed  as  a  fraction,  the  numerator  of  which  is  the 
distance  in  meters  at  which  the  subject  can  read  a- given  line  of 
letters,  and  the  denominator  is  the  distance  at  which  a  person 
with  normal  average  vision  can  read  the  same  liiK.  For  example, 
a  person  with  normal  vision  can  read  the  seventh  line  at  6 
meters;  if  the  subject  can  read  this  line,  his  vision  is  f,  or 
normal.  If,  bn  the  other  hand,  he  can  read  orlly  the  third  row 
which  can  be  read  by  a  person  with  normal  vision  at  24  meters, 
then  his  vision  is  only  or  J  normal. 
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The  examiner  in  testing  for  defective  vision  in  this  manner, 
fits  removable  lenses  {trial  lenses)  before  the  sobject's  eyes 
while  he  reads.  By  using  trial  lenses  of  different  types  and 
power,  and  noting  the  improvement  or  otherwise  in  the  pa¬ 
tient’s  sight  each  time,  the  examiner  is  able  to  determine  the 
type  and  degree  of  the  refractive  error  which  exists  (p.  668). 
He  then  prescribes  the  appropriate  convex,  concave,  or  other 
form  of  spectacle  lens  required  to  correct  the  defect. 

Optical  action  currents:  The  electroretinograin.  When  the 
retina  is  stimulated  by  a  beam  of  light  thrown  into  the  eye,  ac- 

Fig.  13-8  The  electro- 
retinogram.  Waves  a,  b,  0.6  - 
and  c,  occur  when  a  light  0^4  [  o 
is  flashed  into  the  eye:  02^  3 
d,  occurs  when  the  light  ’ 
is  turned  off.  ^ 

tion  currents  are  set  up  which  can  be  recorded  by  a  galvanom¬ 
eter.  The  current  is  led  off  to  the  galvanometer  by  means 
of  electrodes,  one  placed  upon  the  cornea  of  the  eye  in  its  nat¬ 
ural  position,  and  the  other  on  any  moist  surface  of  the  body. 
A  record  of  such  changes  in  electrical  potential  is  shown  in 
Figure  13-8.  It  is  called  the  electroretinogram.  Four  waves 
are  to  be  seen;  they  are  designated  a,  b,  c,  and  d.  The  wave  a 
is  a  negative  wave,  i.e.,  below  the  base  line;  the  others  are  posi¬ 
tive.  The  waves  a,  b,  and  c  are  inscribed  when  the  light  is 
flashed  into  the  eye;  d  occurs  when  the  light  is  cut  off. 

Action  currents  can  also  be  demonstrated  in  the  optic  nerve 
when  the  retina  is  stimulated  by  light.  A  discharge  of  im¬ 
pulses  then  occurs  which  increases  in  frequency  with  the  in¬ 
tensity  of  the  illumination,  but  no  change  occurs  in  the  ampli¬ 
tude  of  the  waves,  no  matter  how  intense  the  light  stimulus 
may  be.  The  relationship  between  frequency  of  the  impulses 
and  the  intensity  of  the  stimulus,  which  we  have  seen  to  be  a 
characteristic  of  other  kinds  of  nerve,  has  been  demonstrated 
in  a  single  nerve  fiber  separated  by  dissection  from  the  other 
fibers  of  the  optic  nerve  (see  Fig.  13-7,  p.  636). 
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The  visual  fields.  The  part  of  the  outside  world  seen  by  one 
eye  at  any  moment  is  called  the  visual  field  of  that  eye.  In 
man,  the  ape,  and  other  species,  whose  eyes  are  placed  in  the 
front  of  the  head,  the  visual  fields  of  the  two  eyes  overlap.  In 
other  words,  a  large  part  of  the  outside  world  within  the  range 
of  vision,  is  seen  by  both  eyes  at  the  same  time.  This  type  of 
vision  is  called  binocular.  In  the  rabbit,  horse,  and  other  ani¬ 
mals  with  eyes  placed  laterally  in  the  head,  the  visual  fields 
overlap  to  a  very  small  extent ;  in  these,  vision  is  almost  entirely 
monocular. 

In  those  species  possessing  binocular  vision,  light  rays  from 
the  outer  or  temforal  half  and  from  the  inner  or  nasal  half 
of  either  visual  field,  fall  upon  the  nasal  half  and  temporal 
half,  respectively,  of  the  corresponding  retina  (see  PI.  13  B). 
Now,  the  optic  nerves  come  together  a  short  distance  be¬ 
hind  the  eyeballs  to  form  the  optic  chiasma.  Here,  the  fibers 
which  have  originated  in  the  nasal  half  of  one  retina  cross  with 
those  coming  from  the  nasal  half  of  the  other  —  that  is,  fibers 
from  the  nasal  half  of  the  right  retina  cross  to  the  left  side  of 
the  brain,  those  from  the  nasal  half  of  the  left  retina  to  the 
right  side  of  the  brain.  Fibers  from  the  temporal  halves  of  the 
retinas  continue  uncrossed.  Thus,  the  visual  pathway,  on  each 
side,  from  the  optic  chiasma  to  the  cortex  of  the  occipital  lobe 
(visual  center)  transmits  impulses  from  the  nasal  half  of  one 
retina  and  the  temporal  half  of  the  other.  Owing  to  this  pe¬ 
culiar  course  taken  by  the  visual  fibers,  the  loss  of  sight  follow¬ 
ing  injury  or  disease  of  one  optic  nerve  differs  from  that 
resulting  from  a  lesion  of  the  fibers  anywhere  between  the  chi¬ 
asma  and  the  occipital  cortex,  or  of  the  visual  center  itself.  If 
the  function  of  one  retina  or  of  one  optic  nerve  is  destroyed, 
complete  blindness  of  the  corresponding  eye  results,  but  the 
sight  of  the  other  eye  is  unaffected.  Interruption  of  the  fibers 
in  their  course  from  the  chiasma  to  the  visual  area  (optic  tract), 
or  a  lesion  of  the  visual  area  itself  causes  blindness  in  one  half  of 
each  retina.  For  example,  if  the  injury  involves  the  left  optic 
tract  or  left  visual  cortex,  blindness  of  the  nasal  (left)  half  of 
the  right  retina  and  of  the  temporal  (right)  half  of  the  left  (op- 
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13-9  The  perimeter-  This  is  an  instriiment  used  for  mapping  the 
visual  fields.  It  consists  of  a  metal  band  curved  in  a  large  arc  of  a  circle 
near  the  center  of  which  is  a  rest  for  the  subject’s  chin.  The  metal  arc 
carries  a  small  object  which  can  be  moved  to  or  aw^ay  from  the  center. 
The  arc  itself  can  be  rotated  into  any  position  (meridian);  it  is  ro¬ 
tated  into  different  meridians  in  succession,  and  at  each  new  position 
die  test  object  is  moved  slowly  from  a  peripheral  point  beyond  the  sub¬ 
ject’s  field  of  vision  toward  the  center.  The  examinee  indicates  the 
moment  that  he  sees  the  object  (“out  of  the  corner  of  his  eye”  as  it 
were).  The  points  in  each  meridian  so  determined  are  marked  upon 
the  chart  shown  on  the  instrument  and  in  detail  in  Figure  13-10; 
c,  chin  rest;  e,  position  of  subject’s  eye. 

posite  halves  of  the  visual  field)  results.  Blindness  in  one  half 
of  each  eye  is  called  hemianopia  (half  blindness).  The  nasal 
half  of  one  retina  and  the  temporal  half  of  the  other  are  called 
homonomous  halves.  The  type  of  blindness  just  described  is 
therefore  called  homonomous  hemianopia.  Rarer  types  of 
henaianopia  result  from  bilateral  involvement  of  the  temporal 
fibers  alone  at  the  chiasma,  or  of  the  nasal  fibers  alone;  these 
types  are  given  the  qualifying  terms  of  binasal  and  bitemporal^ 
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respectively  (the  designations  binasal  and  bitemporal  refer  to 
the  visoal  fields^  not  to  the  retinas). 

The  shape  and  extent  of  the  visual  fields  can  be  mapped  out 
by  means  of  an  instrument  known  as  a  perimeter,  which  is 
shown  in  Figure  13-9.  A  chart  or  “  map  ”  of  the  visual  field 
of  one  eye  is  given  in  Figure  13-10.  The  instrument  is  often 
of  great  value  in  the  diagnosis  of  diseases  of  the  retina  or  of  the 
visual  pathways. 


Fig.  13-10  Chart  of  the 
normal  visual  field  of  the 
right  eye.  Note  the  re¬ 
striction  of  the  visual 
field  on  three  sides,  aused 
by  the  nose,  brow  and 
cheek. 

From  the  optic  chiasma  the  visual  fibers  —  that  is,  the  axons 
of  the  ganglion  cells  from  the  nasal  half  of  one  retina  and  the 
temporal  half  of  the  other  —  proceed  on  each  side  of  the  brain 
to  a  collection  of  nerve  cells  in  the  mid-brain.  These  latter 
form  on  each  side  a  small  eminence  kno-wn  as  the  lateral  genic¬ 
ulate  body.  The  optic  fibers  from  the  chiasma  to  the  lateral 
geniculate  body  are  known  as  the  optic,  tract.  The  fibers  of  the 
latter  terminate  by  forming  synapses  with  the  cells  of  the  lateral 
geniculate  bodies,  which  are,  therefore,  primary  visual  centers. 
In  lower  animals,  but  not  in  man,  visual  perception  is  possible 
to  a  variable  degree  through  these  centers  alone,  that  is,  after 
the  occipital  cortex  has  been  destroyed.  The  axons  of  the  cells 
of  the  lateral  genicujate  bodies  relay  the  visual  impulses 
through  the  internal  capsule  (p.  592)  to  the  highest  visual  cen¬ 
ter  situated  in  the  cortex  of  the  occipital  lobe  of  the  cerebrum. 
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The  nerve  fibers  from  the  lateral  geniculate  body  on  each  side 
to  the  corresponding  occipital  cortex  are  called  the  optic  radia¬ 
tion,  A  nerve  impulse  set  up  by  stimulating  the  visual  recep¬ 
tors  in  the  retina,  therefore,  travels  over  three  neurons  to  reach 
the  cortex  of  the  occipital  lobe.  The  first  of  these  has  its  cell 
body  in  the  inner  nuclear  layer  of  the  retina;  the  second  is  the 
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Fig.  13-11  Diagram  of  the  visual  pathway. 


ganglion  cell  of  the  retina;  and  the  third  is  a  nerve  cell  in  the 
mid-brain  (Fig.  13-11). 

Identical  or  corresponding  retinal  points.  Objects  in  the 
binocular  field  of  vision  must,  obviously,  cast  an  image  on  each 
retina.  Yet  the  two  retinal  images  do  not  cause  a  double  sen¬ 
sation;  we  do  not  see  things  in  duplicate.  The  explanation  for 
this  fact  is  based  upon  the  theory  of  identical  or  corresponding 
retinal  points.  Points  in  the  nasal  half  of  one  retina  are  paired 
with  corresponding  points  in  the  temporal  half  of  the  other. 
The  ocular  muscles  direct  the  axes  of  the  eyes  so  that  an  image 
falls  upon  each  of  these  corresponding  points.  As  mentioned 
above,  the  optic  fibers  from  the  homonomous  halves  of  the  reti¬ 
nas  proceed  to  one  side  of  the  brain,  the  left  halves  (nasal  of 
right  eye  and  temporal  of  left)  to  the  left  visual  area,  the  right 
halves  (nasal  of  left  eye  and  temporal  of  right)  to  the  right 
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visual  area.  The  two  images  are  fused  in  consciousness  into  a 
single  sensation.  If,  for  any  reason,  the  eyes  are  not  directed  in 
such  a  way  that  the  two  images  fall  on  corresponding  retinal 
points,  double  vision  —  diplopia  —  results.  Diplopia  as  a  per¬ 
manent  condition  occurs  most  commonly  as  a  result  of  paraly¬ 
sis  or  weakness  of  the  ocular  muscles.  It  is  seen  as  a  temporary 
state  in  alcoholic  intoxication,  being  then  due  to  imperfect  con¬ 
trol,  and,  in  consequence,  to  unbalanced  action  of  the  muscles 
of  the  two  eyes.  One  can  cause  double  vision  in  oneself  by 


Fig.  13-12  Showing  the  bending  of 
light  rays  by  a  prism.  Parallel  rays, 
continuous  lines;  diverging  rays, 
interrupted  lines. 


simply  pressing  upon  the  outer  side  of  one  eye,  and  thus  dis¬ 
placing  the  eyeball  slightly  from  its  normal  position.  Two 
images  are  also  seen  if  an  object,  such  as  a  pencil,  is  held  about 
three  inches  in  front  of  the  root  of  the  nose,  or  if  the  pencil  is 
held  at  arm’s  length,  and  the  eyes  then  directed  to  look  at  a 
point  some  distance  beyond  it.  In  the  first  instance  mentioned, 
it  is  not  possible  to  converge  the  eyes  sufficiently  to  bring  the 
two  images  on  to  corresponding  points  on  the  retinas;  in  the 
second  instance,  images  of  the  near  object  fall  upon  noncorre¬ 
sponding  points  of  the  retina,  because  the  convergence  of  the 
eyes  when  looking  at  distant  objects  is  less  than  that  required 
for  near  vision. 

Elementary  optical  principles.  A  ray  of  light  passing  from  a 
transparent  medium  such  as  air  into  another  such  as  water  is 
bent.  That  is  the  reason  that  an  upright  object  such  as  a  log 
standing  in  water  gives  the  illusion  of  being  broken  where  the 
air  and  water  meet.  This  bending  or  deflection  of  the  rays  of 
light  is  called  refraction.  Similarly,  light  rays  passing  through 
a  glass  prism  (Figs.  13-12  and  13-13)  are  bent  toward  its  base. 
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A  glass  lens  having  both  its  surfaces  convex,  such  as  the  crystal¬ 
line  lens,  acts,  in  respect  to  the  refraction  of  light,  as  though 
it  were  composed  of  two  prisms  placed  base  to  base.  There¬ 
fore,  the  rays  of  light  reflected  from  any  object  must,  after  pass- 


Fig.  13-13  The  bending  of  parallel  rays  of  light  by 
a  bi-convex  lens  and  bringing  them  to  a  focus. 

ing  through  such  a  lens,  meet  somewhere  on  the  other  side. 
Light  rays  from  every,  point  in  an  object  are  thus  brought  to 
a  focus,  an  image  of  each  point  being  formed.  If  the  lens  does 
not  bring  the  rays  to  a  point,  circles  or  haloes  of  light  are 
formed  instead  of  sharp  points.  The  entire  image  of  the  ob¬ 
ject  normally  constituted  of  innumerable  images  of  bright 
points  is  blurred  accordingly.  The  failure  of  a  sharp  focus  to 


be  obtained  may  be  due  to  the  surface  upon  which  the  image 
is  cast  intercepting  the  light  rays  either  before  they  have  come 
to  their  meeting  point  or  after  they  have  met  and  crossed,  as 
shown  in  Figure  13-14. 

Light  rays  coming  from  infinity,  or  for  practical  purposes 
from  any  distance  over  20  feet,  are  parallel,  whereas  those  re- 
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fleeted  from  a  near  object  are  divergent,  that  is,  they  radiate 
from  every  point  in  the  object  (see  Fig.  13-15).  In  order,  then 
to  bend  the  rays  from  a  near  object  so  that  they  will  meet,  i.e  ^ 
be  focussed,  at  the  same  distance  behind  the  lens  as  are  paral¬ 
lel  rays,  the  lens  must  be  able  to  bend  the  rays  more  acutely  in 
the  former  instance  than  in  the  latter;  in  other  words,  its  re- 


Fig.  13-15  Showing  parallel  rays  of  light  (A)  from  a  distant  object 
being  brought  to  a  focus  by  a  bi-convex  lens,  and  diverging  rays  (B) 
from  a  near  object  being  focussed  at  the  same  distance  behind  the  lens. 

In  the  latter  instance,  however,  the  lens  bends  the  rays  more  strongly. 

This  it  is  able  to  do  because  it  is  more  convex. 

fracting  power  must  be  greater.  The  refracting  power  of  a  ^ 
convex  lens  increases  with  the  degree  of  its  convexity. 

A  concave  or  a  biconcave  lens  (i.e.,  one  with  two  concave  sur¬ 
faces)  acts  like  two  prisms  placed  apex  to  apex  (Fig.  13-16), 
and  since  the  rays  are  bent  toward  the  bases  of  the  prisms,  such 
a  lens  diverges  or  spreads  the  rays  of  light. 

A  line  drawn  horizontally  through  the  center  of  a  lens  is 
called  its  principal  axisj  and  any  line  drawn  diagonally  through 
the  center  is  called  a  secondary  axis.  Rays  of  light  passing 
through  the  principal  axis  or  any  secondary  axis  are  not  re¬ 
fracted. 

The  crystalline  lens.  The  crystalline  lens  is  a  transparent  bi¬ 
convex  disc,  about  one  third  of  an  inch  in  diameter,  situated 


within  the  globe  of  the  eye  immediately  behind  the  iris.  It  is  en¬ 
closed  in  a  thin  membrane  called  the  capsule.  The  central  part 
of  the  lens  lies  a  little  distance  behind  the  pupil.  It  is  suspended 
in  this  position  by  a  delicate  annular  ligament  —  the  suspen¬ 
sory  ligament  —  which  blends  with  the  lens  capsule,  and  is  at¬ 
tached  circumferentially  to  the  interior  of  the  globe  through 
the  ciliary  body.  The  latter  also  connects  the  iris  with  the 
choroid,  and  consists  of  involuntary  musc^Ie  fibers  and  a  number 
of  processes  —  the  ciliary  proc¬ 
esses.  These  later  —  about  70 
in  number  —  are  arranged  in 
the  form  of  a  circle  to  which 
the  suspensory  ligament  is  at¬ 
tached  (see  Fig.  13-17).  The 
iris  and  ciliary  body  divide  the 
part  of  the  eyeball  in  front  of 
the  lens  into  an  anterior  and  a 
posterior  chamber  (Fig.  13-1, 
p.  625).  Both  chambers  are 
filled  with  a  clear  limpid  fluid 
called  the  aqueous  humor;  a 


Fig.  13-16  Parallel  rays  of  light  be¬ 
ing  diverged  by  a  bi-concave  lens. 


gelatinous  transparent  substance  called  the  vitreous  body  fills 
that  part  of  the  eyeball  lying  behind  the  lens. 

Though  the  healthy  crystalline  lens  is  perfectly  transparent, 
in  the  condition  known  as  cataract  (p.  674)  it  becomes  semi¬ 
transparent  or  opaque,  causing  blindness  in  the  affected  eye. 

The  refraction  of  light  rays  by  the  eye  —  the  formation  of  an 


image  upon  the  retina.  There  is  a  very  close  resemblance  be¬ 
tween  the  eye  and  a  camera.  In  both,  the  rays  of  light  are  re¬ 
fracted  (bent)  and  brought  to  a  focus  upon  a  light-sensitive 
surface  —  the  photographic  film  and  the  retina,  respectively. 
The  refracting  medium  in  the  camera  is,  of  course,  the  lens. 
In  the  eye,  light  rays  are  not  only  refracted  by  the  crystalline 
lens,  but  by  the  cornea  as  well  and,  to  a  slight  degree,  by  the 
aqueous  humor  and  vitreous  body.  The  image  of  an  object  falls 
upon  the  photographic  film  in  an  inverted  position  and  re¬ 
versed  from  side  to  side;  the  retinal  image  is  similarly  inverted 
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and  transposed.  Yet,  we  do  not  see  objects  upside  down,  be¬ 
cause  experience  has  taught  us  to  interpret  the  retinal  messages 
in  accordance  with  reality.  (See  Fig.  13-18,  lower  sketch.)  In 
consciousness,  the  image  is  again  inverted,  and  reversed  from 
side  to  side,  so  that  it  appears  to  us  in  its  true  position.  We  have 
come  to  know  by  experience  (i.e.,  previous  information  received 


Fig.  13-17  The  eyeball  from  in  front,  cornea  and  iris  removed  i,  sus¬ 
pensory  ligament;  2,  lens;  3,  choroid;  4,  iris,  cut  edge;  5,  ciliary  proc¬ 
esses  (black).  (Redrawn  and  modified  from  Schultze.) 

through  other  senses,  especially  of  touch  and  hearing)  that 
stimulation  of  the  upper  or  the  lower  part  of  the  retina,  or  of 
one  side,  is  caused  by  light  reflected  from  an  object  situated, 
respectively,  in  the  lower,  upper,  or  other  side  of  the  visual 
field.  We  are  scarcely  conscious  even  that  the  retina  has  been 
stimulated  in  the  way  that  we  feel  and  localize  a  touch  upon 
the  skin.  We  “  see  ”  the  object  at  a  distance  and  in  a  position  the 
reverse  of  that  which  the  image  of  the  object  occupies  upon 
the  retina.  In  a  word,  the  object’s  image  is  projected  in  con¬ 
sciousness  to  its  true  position  in  space,  i.e.,  in  the  visual  field. 

In  Figure  13-18  (upper  sketch)  are  shown  the  paths  taken 
by  rays  of  light  coming  from  an  object  (represented  by  the 
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large  arrow)  placed  a  little  in  front  of  a  biconvex  lens.  The 
diverging  rays  are  refracted  by  the  lens,  and  brought  to  a 
focus  on  the  screen  S,  which  may  be  taken  to  represent  the 
retina.  Rays  from  each  point  on  the  object  are  brought  to  a 
point  upon  the  screen,  but  in  a  reversed  position,  those  from 
the  upper  part  of  the  object  being  directed  to  the  lower  part 


13-^^  Upper  drawing,  the  formation  of  an  in¬ 
verted  image  upon  the  retina.  Below,  diagram 
showing  the  formation  of  an  image  by  a  convex 
lens.  I,  principal  axis;  2,  secondary  axes;  3,  optical 
center  of  lens;  4,  principal  focus;  S,  screen. 

of  the  screen  and  vice  versa  (only  rays  emitted  from  points  at 
the  head  and  tail  of  the  arrow  are  shown).  Similarly,  those 
from  the  lateral  halves  of  the  object  pass  to  opposite  sides  of 
the  screen.  Thus,  a  small  and  inverted  image  of  the  object 
is  formed.  One  should  note  (Fig.  13-15)  that  the  periphery  of 
a  lens  refracts  more  strongly  than  parts  more  centrally  placed, 
and  that  rays  of  light  passing  through  either  the  principal  axis 
or  the  secondary  axes  are  not  refracted.  In  the  lower  sketch  in 
Figure  13-18  the  formation  of  an  image  upon  the  retina  is  illus¬ 
trated. 

The  retinal  image  can  be  observed  in  the  excised  eye  of  an 
albino  rabbit.  When  the  eye  is  directed  toward  a  lighted  can¬ 
dle  and  viewed  from  behind,  an  inverted  image  of  the  flame 
is  seen  shining  through  the  unpigmented  wall  of  the  globe. 
This  observation  was  first  made  by  Christopher  Scheiner  in 
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1619.  It  is  a  point  worth  remembering  that  the  image  formed 
upon  the  retina  is  minute;  the  image  of  the  smallest  visible  ob¬ 
ject  is  little  more  than  inch  (0.0025  mm.)  in  diameter. 

Accommodation  of  the  eye.  We  have  seen  that  rays  of  light 
coming  from  a  distant  object  are  approximately  parallel;  those 
from  a  near  object  are  divergent.  Therefore,  with  a  convex 
lens  of  a  given  refracting  power,  rays  from  a  near  object  cannot 
be  focussed  at  as  short  a  distance  behind  the  lens  as  can  those 
coming  from  a  distance  (see  Fig.  13-15,  p.  644).  In  order  to 
obtain  a  clear,  sharp  image  of  a  near  object,  either  a  stronger 
lens  (i.e.,  one  with  a  greater  convexity)  must  be  used  or  the 
screen  moved  to  a  greater  distance  from  the  original  lens. 

The  latter  means  is  employed  in  photography.  In  order  to 
take  a  photograph  of  a  view  less  than  12  feet  or  so  from  the 
camera,  the  lens  must  be  moved  forward  so  as  to  increase  the 
distance  between  it  and  the  film.  Though  the  eyes  of  certain 
species  of  fish  have  a  mechanism  for  accommodating  the  eye 
to  near  vision  based  upon  this  principle,  in  man  and  the  higher 
animals  the  first-mentioned  method  is  adopted;  the  crystalline 
lens  can  alter  its  refracting  power  in  order  that  either  a  far  or 
a  near  object  can  be  distinctly  seen.  When  the  eyes  are  directed 
to  a'  distant  view,  the  crystalline  lens  is  least  convex;  being 
flatter,  its  refracting  power  is  at  the  minimum,  but  when  the 
observed  object  is  within  about  20  feet  from  the  eyes,  the  con¬ 
vexity  of  the  lens  increases  in  order  to  bring  the  divergent  rays 
from  the  near  object  to  a  sharp  focus  upon  the  retina.  These 
and  other  adjustments  made  by  the  eyes  in  order  to  see  either 
near  or  far  objects  clearly  is  termed  ocular  accommodation. 

T he  far  and  near  points  of  the  eyes.  The  farthest  point  from 
the  eyes  at  which  objects  can  be  focussed  upon  the  retina,  and, 
therefore,  seen  distinctly,  is  called  the  far  point  of  vision  {punc- 
tum  remotum).  The  far  point  is  at  infinity,  for  the  visibility 
of  a  distant  object  is  limited  only  by  its  size,  the  clearness  of 
the  atmosphere,  and  the  curvature  of  the  Earth;  for  practical 
purposes  it  is  taken  as  any  distance  beyond  20  feet;  at  this  dis¬ 
tance  the  lens  is  at  its  least  curvature.  The  shortest  distance 
from  the  eyes  at  which  an  object  can  be  seen  clearly  is  called 
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the  near  point  {punctum  proximum)-,  it  lengthens  from  in¬ 
fancy  to  old  age,  in  accordance  with  the  gradual  diminution 
in  the  elasticity  of  the  lens,  being  between  7  and  9  cm.  for  the 
former  age  and  40  cm.  for  the  latter  (see  Presbyopia,  p.  668). 
For  the  normal  eye  of  the  young  adult  the  near  point  is  about 
midway  between  these  two  extremes,  namely,  25  cm.,  approxi¬ 
mately.  At  any  distance  between  the  eyes  and  the  near  point. 


Fig.  13-19  Illustxating  the  mechanism  o£  accommodation  of  the  eye  for 
near  vision.  The  horizontally  shaded  lens  and  the  unshaded  iris  show 
the  position  of  the  parts  when  at  rest;  the  vertically  shaded  lens  and 
iris  show  the  position  during  accommodation  for  a  near  point.  C,  cil¬ 
iary  muscle;  S.L.,  suspensory  ligament.  (Redrawn  from  Landolt.) 


at  which  the  lens  has  its  maximal  convexity,  an  object  forms  a 
blurred  image  upon  the  retina,  or,  if  it  is  viewed  with  both  eyes, 
two  indistinct  images  are  formed.  The  reader  can  verify  this 
for  himself  by  bringing  the  tip  of  a  pencil  close  to  his  eyes. 

The  mechanism  of  accommodation^  When  the  eye  which 
has  been  looking  into  the  distance  (far  vision)  is  focussed  upon 
an  object  less  than  20  feet  or  so  from  the  eyes,  the  crystalline 
lens  becomes  more  convex;  its  refracting  power,  therefore,  is 
increased.  This  is  brought  about  by  the  inherent  tendency  of 
the  lens  to  assume  a  more  rounded  shape  when  the  restraint  of¬ 
fered  by  the  suspensory  ligament  is  released  (see  Figs.  13-19 
and  13-20).  The  suspensory  ligament  (which,  as  already  stated, 
extends  outward  from  the  capsule  of  the  lens  to  be  attached  to 
the  ciliary  processes,  and  through  these  and  the  ciliary  muscle 
to  the  inner  coat  of  the  eye)  is  taut.  The  tension  thus  exerted 
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Upon  the  lens  reduces  its  curvature.  When  the  eye  accommo¬ 
dates  for  near  vision,  the  ciliary  muscle  coiltracts  and  draws  the 
choroid  forward ;  the  ciliary  processes  are  brought  closer  to  the 
lens,  i.e.,  they  form  a  smaller  circle.  The  suspensory  ligament 
is  slackened  thereby,  and  the  tension  on  the  lens  diminished. 
The  lens  by  virtue  of  its  inherent  elasticity  bulges  forward 
(Fig.  13-19).  The  convexity  of  the  central  part  of  the  anterior 
surface  is  increased  to  a  much  greater  extent  than  the  more  pe- 


Fig.  13-20  Illustration  by  mean.s  of  a  mechanical  model  of  the  man¬ 
ner  in  which  the  lens  becomes  more  convex  when  the  eye  accommo¬ 
dates  for  near  vision,  right  half  of  figure.  The  springs,  S  and  S,  rep¬ 
resent  the  elastic  choroid,  arid  the  radiating  lines  the  suspensory  liga¬ 
ment. 

ripheral  part.  Little  change  in  the  curvature  of  the  posterior 
surface  occurs. 

Scheine/s  experimenL  That  the  crystalline  lens  altered  its 
refractive  power  when  the  eyes  were  turned  from  a  distant 
scene  to  look  at  an  object  nearer  to  the  eyes  was  first  deduced 
by  Christopher  Scheincr  (i579“i65o),  a  German  priest  and 
scientist,  from  the  following  experiment. 

A  card  is  pierced  by  two  pinholes  about  2  mm.  apart  horizon¬ 
tally  ;  a  needle,  N,  is  held  in  front  of  the  card,  C,  while  a  con¬ 
vex  lens  placed  behind  it  throws  a  clear  image  of  the  needle 
on  the  screen,  S,  at  n  {upper  cut,  Fig.  13-21).  If  the  screen  is 
moved  forward  (S')  it  intercepts  the  rays  from  the  needle  be¬ 
fore  they  have  come  to  a  focus;  two  blurred  images  are  formed 
at  n  and  n  .  If  the  screen  is  moved  to  a  position  behind  the 
original  one  (S"),  it  is  now  in  the  path  of  the  rays  after  they 
have  crossed  at  the  focus  n]  two  blurred  images  are  formed  at 
n  ,  n  ,  But  if  we  had  a  series  of  lenses  graded  in  refracting 
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power,  the  image  of  the  needle  could  be  focussed  on  the  screen 
placed  at  varying  distances. 

The  lower  cut  of  Figure  13-21  depicts  the  eye  with  the  card 
held  at  a  distance  of  about  5  inches  in  front  of  it.  The  other 
eye  is  closed.  The  pinholes  should  be  separated  by  a  hori¬ 
zontal  distance  a  little  less  than  the  diameter  of  the  pupil. 
When  the  subject  looks  at  an  object,  O,  at  some  distance  be- 


Fig.  13-21  Explanation  in  the  text;  C,  perforated  card;  L,  lens. 


yond  the  needle,  N,  two  blurred  images  of  the  needle  are  cast 
upon  the  retina  (dotted  lines),  because  the  rays  coming  to  the 
eye  have  not  been  refracted  sufficiently.  If  the  subject  now 
look's  directly  at  the  needle,  the  two  images  fuse  into  a  single 
clear  one.  Since  we  know  that  in  the  latter  instance  the  retina 
has  not  moved  back  to  the  point  of  focus,  it  must  be  concluded 
that  the  crystalline  lens  has  increased  its  refracting  power. 

Purl^inje-Sanson  images.  The  change  in  the  form  of  the 
lens  during  accommodation  for  near  vision  can  be  demon¬ 
strated  by  another  simple  experiment.  If  one  looks  into  an¬ 
other’s  eye  in  a  dark  room  while  a  lighted  candle  is  held  a  little 
in  front  and  to  its  outer  side,  one  sees  three  reflected  images  of 
the  flame  (Fig.  13-22).  Of  these  images,  one  is  bright  and  up¬ 
right;  it  is  formed  by  the  anterior  surface  of  the  cornea  which 
acts  as  a  convex  mirror.  A  larger  but  dimmer  upright  image 
is  formed  by  the  anterior  surface  of  the  lens.  The  third  image 


iJ 
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is  inverted,  bright  and  smaller  than  the  others ;  it  is  formed  by 
the  posterior  surface  of  the  lens  which  acts  as  a  concave  mirror. 
If  the  positions  of  the  images  are  noted  while  the  subject  gazes 
at  a  distant  point,  and  he  then  accommodates  for  near  vision 
the  image  reflected  from  the  anterior  surface  of  the  lens  will  be 
observed  to  become  smaller,  and  to  move  toward  that  reflected 
from  the  cornea  which,  of  course,  does  not  alter  in  size  or  posi¬ 
tion.  As  a  rule,  no  change  can  be  observed  in  the  reflection 

A  B 


Fig.  13-22  Purkinje-Sanson  images.  A,  during  far 
vision;  B,  during  accommodation  for  near  vision. 

(Redrawn  and  modified  from  William.s.) 

from  the  posterior  surface  of  the  lens.  The  change  in  the  image 
on  the  anterior  surface  during  accommodation  can  only  mean 
that  this  surface  becomes  more  convex. 

The  other  adjustments  for  near  vision  are  convergence  of  the 
eyes,  which  is  necessary  in  order  to  bring  the  retinal  images  on 
to  corresponding  points  (p.  641 ),  and  constriction  of  the  pupil. 
The  narrowing  of  the  pupil  permits  light  to  pass  only  through 
the  central  part  of  the  lens  which,  as  just  mentioned,  is  in¬ 
creased  in  its  convexity  to  the  greatest  degree  during  accom¬ 
modation. 

The  appreciation  of  distance  and  depth  —  stereoscopic  vision 
(Gk.  stereos,  solid  -|-  s\opeo,  I  view).  Our  visual  judgment  of 
solidity  —  that  is,  our  recognition  that  an  object  has  depth  as 
well  as  height  and  width  —  is  due  largely  to  the  fact  that  the 
two  retinal  images  are  slightly  dissimilar.  If  the  reader  will 
look  at  some  object  in  front  of  him,  first  closing  one  eye  and 
then  the  other,  he  will  find  that  the  view  seen  by  the  right  eve 
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Fig.  13-23  Showing  two  views  of  the  interior  of  a  long  room  or  cor¬ 
ridor  {upper  figure).  View  A  shows  more  of  the  right  hand  wall  than 
does  view  B.  The  former  (A)  would  be  seen  by  the  left  eye  of  a  per¬ 
son  looking  into  such  a  room,  and  B  by  his  right  eye.  The  fusion  of 
the  two  similar  but  not  identical  images  gives  a  visual  sensation  of 
depth.  In  the  lower  figures  two  views  of  a  block  are  shown.  A,  in 
which  more  of  the  right  side  of  the  block  is  shown  than  in  B,  w^ould 
be  the  view  seen  by  the  right  eye;  B  would  be  the  image  of  the  block 
formed  by  the  left  eye.  Fusing  of  the  images  in  the  two  eyes  is  an  im¬ 
portant  factor  in  our  perception  of  the  solidity,  or  three  dimensional 
nature,  of  such  an  object. 

If  the  reader  will  place  one  edge  of  a  card  about  5"  wide  vertically 
between  the  two  sets  of  figures,  with  the  opposite  edge  of  the  card 
touching  his  nose,  and  then  gaze  steadily,  with  accommodation  re¬ 
laxed,  until  the  figures  of  each  pair  fuse  into  one,  a  visual  sensation- of 
depth  (upper  pair  of  figures)  and  of  solidity  (lower  pair)  will  be  ex¬ 
perienced. 

is  slightly  different  from  that  seen  by  the  left.  The  right  eye  is 
able  to  see  more  of  the  right  side  of  the  object,  the  left  eye 
more  of  the  left  side  (Fig.  13-23).  The  two  slightly  dissimilar 
images  are  fused  in  the  brain,  yet  the  composite  image  has,  hid¬ 
den  within  it,  something  of  each  separate  one;  upon  this  the 
stereoscopic  effect  largely  depends.  The  fusion  of  the  dissim¬ 
ilar  images  by  the  brain,  and  the  impression  of  depth  and  solid¬ 
ity  produced  thereby,  lies  in  a  field  of  psychology  of  which  little 
is  known. 
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The  instrument  known  as  a  stereoscope  produces  an  illusion 
of  solidity  by  making  use  of  the  principle  of  simultaneous  stim¬ 
ulation  of  the  retinas  by  dissimilar  images.  A  photograph 
taken  with  an  ordinary  camera  appears  flat  because  identical 
images  are  formed  upon  the  retinas.  A  stereoscopic  photo¬ 
graph,  on  the  other  hand,  is  taken  by  a  camera  provided  with 
two  lenses  which  are  set,  like  the  eyes,  a  short  distance  apart. 
Thus,  two  slightly  dissimilar  views  are  taken,  which,  when 
looked  at  through  the  stereoscope,  are  projected  by  means  of 
prisms,  one  to  each  eye,  so  as  to  fall  on  corresponding  retinal 
points. 

Stereoscopic  perception  cannot,  however,  be  explained  en¬ 
tirely  upon  the  basis  of  dissimilar  retinal  images,  for  the  sensa¬ 
tion  of  depth  (or  distance)  is  not  abolished  when  one  eye  is 
closed;  other  factors  are  concerned. 

1.  The  apparent  size  of  various  objects  in  our  field  of  vision. 
We  know  from  experience  the  approximate  size  of  the  objects 
which  we  see,  but  the  image  which  an  object  casts  upon  the 
fovea  diminishes  as  its  distance  increases.  For  example,  a 
church  steeple  at  a  distance  casts  an  image  upon  the  retina  no 
larger,  perhaps  smaller,  than  does  a  pencil  held  a  few  inches 
from  the  eyes.  We  know  the  relative  sizes  of  the  two  objects, 
and  therefore  infer  that  the  steeple  must  be  far  away  and  the 
pencil  near. 

2.  The  apparent  change  in  color  of  an  object  with  distance. 
The  atmosphere  is  not  perfectly  transparent  or  equally  so  for 
all  wave  lengths.  Tree-clad  hills,  which  we  know  to  be  green, 
appear  blue  in  the  distance;  the  colors  of  many  other  objects 
appear  to  fade  with  distance,  their  detail  and  outline  being 
dimmed  by  haze. 

3.  The  blocking  out  of  parts  of  a  distant  view  by  objects  be¬ 
tween  it  and  the  eyes  gives  a  sensation  of  depth. 

4.  Mathematicd  perspective.  Straight  lines  running  into  the 
distance  which  are  actually  parallel  (or  objects  along  imaginary 
straight  lines)  are  convergent  in  the  retinal  image.  When  we 
look  down  a  railway  track,  for  example,  the  rails  appear  to 
converge  toward  some  point  beyond  the  horizon.  This  ar- 
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rangement  of  lines  in  the  image  formed  upon  the  retina  we 
have  come  to  associate  with  distance.  Perspective  is  an  ele¬ 
mentary  principle  in  drawing,  used  to  create  an  illusion  of 
depth  or  distance.  The  artist  draws  objects  along  imaginary 
lines  which  run  toward  a  point  in  the  background  of  his  pic¬ 
ture. 

5.  Parallax.  When  one  moves  in  any  direction,  near  objects 
appear  to  move  in  the  opposite  direction,  those  in  the  back¬ 
ground  in  the  same  direction  as  ourselves.  This  apparent 
movement  of  near  objects  in  relation  to  ones  farther  away,  is 
called  parallax;  it  is  also  produced  by  a  movement  of  the  head 
or  eyes,  even  though  the  body  remains  stationary.  Now,  in¬ 
voluntary  movements  of  the  eyes  are  continually  taking  place 
with  the  production  of  parallax;  this  is  believed  to  be  one  of 
the  most  important  factors  in  giving  us  a  sense  of  depth. 

6.  T he  distribution  of  light  and  shade  over  the  surface  of  an 
object  and  the  shadow  which  it  casts  upon  its  surroundings  are 
also  important  elements  in  the  production  of  the  stereoscopic 
effect. 

Color  vision.  White  light  is  in  reality  a  combination  of  col¬ 
ored  lights  —  red,  orange,  yellow,  green,  blue,  and  violet  — 
which  can  be  separated  by  means  of  a  glass  prism.  The  series 
of  colored  lights  so  produced  is  called  the  {visible)  spectrum. 
The  wave  lengths  of  the  lights  of  the  spectrum  run  from  8000 
millimicrons  for  dark  red  to  around  3000  for  violet.  Rays 
somewhat  longer  than  the  red  are  called  infrared  or  heat  waves; 
those  shorter  than  the  violet  are  called  ultraviolet;  neither,  of 
course,  gives  a  sensation  of  light.  The  prism  refracts  the  long 
red  rays  less  than  it  does  the  orange,  the  orange  less  than  the 
yellow,  the  yellow  less  than  the  green  and,  so  on,  in  the  order 
of  diminishing  wave  lengths.  A  beam  of  white  light  is  thus 
split  into  its  constituent  colors.  The  separated  colors  can  be  re¬ 
combined  to  produce  white.  But,  in  order  to  obtain  a  sensation 
of  white  light  it  is  not  necessary  to  employ  all  the  prismatic 
colors;  not  only  white,  but  all  colors  can  be  produced  from 
three,  namely,  red,  green,  and  violet.  If  we  were  to  set  up  three 
lanterns,  one  of  which  emitted  red  light,  another  green,  and  a 
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third  violet,  we  could,  by  blending  one,  two,  or  all  three  of  them 
upon  a  screen,  produce  white  or  any  colored  light  we  chose. 
For  example,  the  three  colors  in  nearly  equal  proportions 
would  produce  white;  green  and  violet  would  give  blue-  red 
and  green  and  a  very  little  violet  would  give  yellow  or  orange 

Several  theories  of  color  vision  have  been  proposed.  Accord¬ 
ing  to  Young’s  theory  three  kinds  of  cones  exist  in  the  retina, 
each  type  containing  a  substance  sensitive  to  light  of  a  different 
color.  One  kind  is  stimulated  by  red  rays,  one  by  green,  and 
another  by  violet;  white  light  falling  upon  the  retina  stimu¬ 
lates  all  three  nearly  equally.  When  a  yellow  color  is  seen,  the 
sensation  is  due  to  the  stimulation  of  equal  numbers  of  the  red 
and  green,  and  a  very  few  of  the  violet  elements;  if  violet  and 
green  sensitive  cones  are  stimulated,  a  sensation  of  blue  results, 
and  when  the  red,  green,  or  violet  type  of  receptor  is  excited  ex¬ 
clusively,  we  see  red,  green,  or  violet,  respectively.  See  Plate 
14  A. 

Retinal  areas  sensitive  to  color.  The  extreme  peripheral  part 
of  the  retina  devoid  of  cones  is  insensitive  to  color.  It  gives  im¬ 
pressions  of  white,  black,  and  gray  only.  Color  perception  is 
confined  to  the  more  central  retinal  regions  where  cones  are 
present  exclusively,  as  in  the  fovea  centralis,  and  in  the  extra- 
foveal  regions  where  these  receptors  are  mingled  more  or  less 
plentifully  among  the  rods.  Nor  is  sensitivity  to  the  different 
colors  uniformly  distributed  over  the  retina.  The  area  sensitive 
to  blue  is  the  largest,  that  sensitive  to  red  is  next  in  order  of 
size ;  then  comes  the  margin  of  a  much  smaller  area  sensitive  to 
yellow.  This  latter  area  is  little  larger  than  the  area  sensitive  to 
green  which  is  the  least  extensive  of  all.  The  four  areas  may 
be  compared  to  four  transparent,  respectively  colored  saucers 
of  graded  sizes  placed  one  inside  the  other.  Light  passing 
through  the  small  green  saucer  must  pass  through  all  the  others 
as  vvell;  the  area  of  the  retina  which  it  represents  is,  therefore, 
sensitive  to  all  four  colors.  Light  transmitted  through  the  outer 
part  of  the  yellow  saucer  will  also  pass  through  the  red  and 
blue,  but  not  through  the  green  saucer ;  the  corresponding  area 
is,  therefore,  sensitive  to  yellow,  red,  and  blue,  but  not  to  green. 
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The  outer  part  of  the  red  area  is  sensitive  to  red  and  blue;  the 
outer  part  of  the  blue  saucer  transmits  only  blue  light  and  the 
rim  of  the  area  which  it  represents  is  sensitive  only  to  blue. 

The  color  areas  of  the  retina  can  be  mapped  out  by  means  of 
the  perimeter  shown  and  described  on  page  639.  Small  paper 
discs  colored,  respectively,  blue,  red,  yellow,  and  green  are  used 
instead  of  the  white  test  object  employed  in  mapping  the  visual 
fields.  Normally,  the  blue  disc  will  be  seen  at  the  greatest  dis¬ 
tance  from  the  center  of  the  visual  field ;  at  a  somewhat  shorter 
distance  the  red  disc  will  appear,  then  the  yellow  and  finally 
the  green  (see  PI.  14  B). 

Color  blindness.  In  some  persons  the  retina  is  totally  in¬ 
sensitive  to  color;  to  such  their  surroundings  are  seen  in  black 
and  white  and  various  tones  of  gray.  Such  a  condition,  called 
achromatism,  is  very  r.are.  In  the  common  type  of  color  blind¬ 
ness,  the  subjects  are  blind  to  red  or  to  green.  On  the  basis  of 
the  Young-Helmholtz  theory  of  color  vision,  it  may  be  pre¬ 
sumed  that  one  of  the  three  color  substances  present  in  the  ret¬ 
inas  of  persons  of  normal  vision  is  absent  from  the  retinas  of 
the  red-  or  green-blind,  the  red  substance  being  lacking  in  the 
former  abnormality,  the  green  substance  in  the  latter.  The 
subjects  of  these  visual  defects  match  any  color  with  only  two 
primary  color  sensations,  green  and  violet,  or  red  and  violet,  in¬ 
stead  of  the  three  possessed  by  persons  of  normal  color  vision. 
Their  color  vision  is,  therefore,  called  dichromatic  (Gk.  di, 
two  -j-  chroma,  color)  instead  of  trichromatic  (Gk.  tri,  three) 
which  is  the  normal.  Red-blindness  is  also  called  protanopia 
(Gk.  protos,  first  -f-  anopia,  blindness)  and  deuteranopia  (Gk. 
deuteros,  second),  which  means  that  the  blindness  is  with  re¬ 
spect  to  the  first  or  to  the  second  primary  color.  John  Dalton 
(1766-1844),  the  celebrated  chemist  who  was  red-blind  and 
gave  the  first  scientific  description  of  protanopia,  wrote:  “  Crim¬ 
son  has  a  very  grave  appearance.  Woolen  yarn  dyed  crimson  or 
blue  is  the  same  to  me.” 

Anomalous  trichromatism  or  partial  color  blindness  is  the 
most  common  defect  of  color  perception.  There  is  not  com¬ 
plete  blindness  for  any  color,  but  the  appreciation  of  red  or  of 


658  THE  SPECIAL  SENSES 

green  is  below  the  normal.  If,  for  example,  a  person  with  such 
a  defect  is  asked  to  match  a  pure  yellow  light  with  a  combina¬ 
tion  or  mixture  of  red  and  green  lights,  he  uses  more  of  the  red 
light  than  would  a  normal  person  to  make  a  perfect  match- 
his  perception  of  red  is  defective.  If  he  uses  more  green,  his 
perception  of  this  color  is  subnormal.  The  defective  perception 
of  red  is  called  protanomally ,  that  of  green  deuteranomally. 
A  special  instrument  called  an  anomaloscope  is  used  for  testing 
these  defects.  It  was  devised  by  Lord  Rayleigh,  the  celebrated 
English  physicist. 

Ninety-five  per  cent  of  the  subjects  who  suffer  from  some 
form  of  defect  in  color  vision  are  males.  Most  cases  are  inher¬ 
ited  and  the  inheritance  is  of  the  sex-linked  character,  being 
transmitted  from  generation  to  generation  in  a  manner  similar 
to  that  of  hemophilia  (p.  113). 

A  color-blind  person  may  be  quite  unaware  of  his  visual 
abnormality.  Though  his  color  sensations  are  different  from 
normal  persons,  he  is  usually  able  to  make  some  distinction  in 
his  own  way  between  different  colors,  usually  by  some  slight 
difference  in  brightness.  Though  great  care  is  exercised  in 
testing  the  color  vision  of  men  such  as  seamen  and  locomotive 
drivers,  whose  occupations  require  a  normal  color  sense,  we 
rarely  hear  of  an  automobile  driver  disregarding  a  red  traffic 
light  because  he  thought  it  was  green. 

Color  vision  is  tested  in  several  ways,  but  the  oldest  and  most 
common  method  is  by  means  of  colored  wool  yarns.  The  sub¬ 
ject  is  shown  a  number  of  yarns  dyed  in  colors  which  are  most 
likely  to  be  confused  (confusion  colors),  and  is  asked  to  pick 
from  the  lot  the  one  which  matches  best  another  single  yarn 
dyed  a  rose-pink.  If  he  chooses  a  violet  or  a  blue  yarn  he  is 
red-blind.  If  green,  red,  and  brown  yarns  are  chosen,  he  is 
green-blind.  Anomalous  trichromatism  is  tested,  as  already 
described,  by  means  of  the  anomaloscope. 

Contrast  effects.  It  is  well  known  that  when  black  is  placed 
against  white  or  vice  versa  they  “  set  one  another  off,”  the  black 
looks  blacker  and  the  white  a  purer  white  than  if  either  were 
placed  against  a  colored  ground.  It  is  also  true  that  blue  against 
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a  yellow  ground  (or  yellow  against  a  blue  ground)  is  more 
vivid  than  if  placed  against  any  other  color.  Also  green  is  en¬ 
hanced  by  red  and  red  by  green.  These  phenomena  are  ex¬ 
amples  of  simultaneous  contrast. 

The  maximum  effect  of  contrast  is  obtained  when  comple¬ 
mentary  colors  are  paired.  Any  pair  of  colors  which,  when 


Green 


Fig.  13-24  Complementary  colors.  The  colors  of  the  spectrum  from 
violet  to  red  are  marked  upon  the  curve  (roughly  triangular).  Other 
colors  would  fall  upon  intermediate  points  on  the  curve.  The  base  line 
of  the  figure  (from  violet  to  red)  represents  the  non-spectral  purple. 
Any  two  points  upon  the  curve  intersected  by  a  straight  line  drawn 
through  the  point  marked  white  indicate  complementary  colors.  (After 
Hall.) 

fused  as  hghts,  produce  white  are  said  to  be  complementary 
to  one  another.  Examples  of  complementary  color  pairs  are 
the  following. 

Red  and  greenish  blue 
Orange  and  cyan  blue 
Yellow  and  indigo  blue  ® 

Violet  and  greenish  yellow 
Purple  and  green 

®  A  distinction  must  be  drawn  here  between  lights  and  paints;  we  know  that  yel¬ 
low  and  blue  paints  when  mixed  give  green,  not  white.  The  color  of  a  paint  is  due 
to  its  reflecting  certain  wave  lengths  in  white  light  and  absorbing  the  remainder. 
Even  the  bluest  paint  is  not  pure  blue;  it  absorbs  all  light  but  blue  and  a  little  green. 
These  it  reflects.  A  yellow  paint  is  not  pure  yellow;  it  reflects  a  little  green  with 
the  yellow.  When  the  two  paints  arc  mixed,  blue  light  is  absorbed  by  the  yellow 
paint,  and  yellow  light  by  the  blue.  The  green  rays,  of  which  a  little  is  reflected  by 
each  separate  paint,  are  doubly  reflected  when  the  two  are  mixed. 
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Not  only  those  listed  above,  but  every  color  and  shade  of 
color  has  its  complementary  (Fig.  13-24).  There  are,  conse¬ 
quently,  a  great  number  of  complementary  colors,  and  the  con¬ 
trast  effect  is  produced  when  the  colors  of  such  a  pair  are  placed 
side  by  side.  Furthermore,  when  a  color  is  laid  beside  one  that 
is  not  complementary  to  it,  or  against  white,  each  color  appears 
to  be  tinted  slightly  with  the  complementary  color  of  the  other- 
or  the  white  becomes  tinged  with  the  complementary  of  the 
color.  For  example,  blue  placed  beside 
green  assumes  a  faintly  red  cast  (violet), 
and  yellow  against  red  is  tinged  faintly 
green.  Again,  a  lemon  or  other  yellow 
object,  placed  in  a  bright  light,  casts  a 
shadow  which  is  tinged  with  blue  — the 
complementary  of  yellow.  The  shadow 
cast  by  a  red  object  would  be  tinged  with 

Fig.  13-25  Zollner’s  lines,  greenish  blue,  and  one  cast  by  a  purple 
The  long  diagonal  lines  „l-  ,  ■  .  i  " 

appear  to  converge;  actu-  ^  ^  With  green.  These  principles  are 

ally,  they  are  parallel.  applied  in  art.  The  artist  makes  a  yel¬ 
low  flood  of  sunshine  more  brilliant  by 
painting  blue  into  the  shadows  which,  in  turn,  are  given  depth 
and  an  appearance  of  reality  which  they  would  otherwise  lack. 

^Vhen  one  stares  for  a  time  at  a  colored  surface  in  a  strong 
light  ancl  then  directs  the  gaze  to  a  gray  surface  it  appears 
tinged  with  the  complementary  color,  and  objects  of  the  com¬ 
plementary  color  itself  are  made  more  vivid.  For  example,  if 
one  looks  at  a  red  surface  for  a  time  and  then  at  a  green  one 
the  latter  color  is  intensified.  This  phenomenon  is  called  suc- 
cessive  contrast. 

After  images.  If  one  looks  at  a  bright  white  light  for  a  mo¬ 
ment  and  then  closes  the  eyes  or  turns  them  upon  a  dark  sur¬ 
face,  an  image  of  the  light  slowly  floats  into  view,  becomes 
more  distinct  for  a  time,  and  then  gradually  fades.  Similarly, 
if  the  eyes  are  stimulated  by  a  colored  light  or  a  brightly  col¬ 
ored  object  of  any  sort,  and  then  darkened,  an  image  of  the 
same  color  appears.  These  are  called  positive  after  images.  If, 
instead  of  closing  the  eyes  or  turning  them  to  a  dark  surface 
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after  looking  at  a  white  light,  the  retinas  are  stimulated  a  sec¬ 
ond  time  and  diffusely  by  white,  e.g.,  directing  the  eyes  to  a 
sheet  of  paper,  one  then  sees  a  dark  image  against  a  white 
ground.  This  is  called  a  negative  after  image.  If  the  first 
stimulus  was  colored,  then  the  after  image  is  in  the  comple¬ 
mentary  color.  Negative  after  images  of  colored  objects  are 
the  cause  of  successive  contrast  described  in  the  last  paragraph. 

Positive  after  images  are  due  apparently  to  chemico-physical 
changes  in  the  receptors  of  the  retina, 
caused  by,  and  outlasting  the  stimulus. 

Negative  after  images  are  thought  to  be 
due  to  a  state  comparable  in  certain  re¬ 
spects  to  the  refractory  period  of  nerve. 

Cones  which  have  responded  to  a  stim¬ 
ulus  will  not  for  a  time  respond  again. 

White  light  stimulates  all  three-  types 
of  cone  (p.  655).  The  negative  after 
image  which  appears  upon  applying  a 
circumscribed  and  then  a  diffuse  white 
stimulus  to  the  retina  is,  therefore,  a  dark  patch  against  a  white 
background.  When  the  object  looked  at  is  colored,  and  the 
retina  is  then  stimulated  by  directing  the  eyes  to  a  white  sur¬ 
face,  the  image  is  in  the  complementary  color,  because  only 
those  cones  which  had  not  previously  been  stimulated  can  re¬ 
spond.  For  example,  if  the  object  looked  at  is  red,  the  red- 
sensitive  cones  are  not  excited  by  a  subsequent  stimulus  of 
white;  those  sensitive  to  green  and  to  violet  alone  respond,  giv¬ 
ing  the  complementary  of  red,  namely,  a  bluish  green. 

Fig.  13-27  Illusion  o£  distance. 

The  distance  from  A  to  B  appears  a  B  C 

to  be  greater  than  that  from  BtoC;  ######••  # 

they  are  the  same. 

Optical  illusions.  The  brain 'may  be  deceived  by  imitations 
of  certain  effects  upon  which  our  visual  judgment  of  the  size, 
shape,  and  distance  of  objects  is  based.  Visual  errors  of  this 
nature  are  called  optical  illusions  or  optical  deceptions.  Some 
interesting  examples  are  shown  in  Figures  13-25  to  13-28. 


Fig.  13-26  Illusion  of 
size.  The  vertical  lines 
are  the  same  length. 
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Movements  of  the  eyes  and  eyelids.  The  eyeballs  are  rotated 
in  their  sockets  by  small  muscles,  attached,  on  the  one  hand  to 
the  walls  of  the  orbital  cavity  and,  on  the  other,  to  the  sclerotic 
coat  at  a  distance  of  from  a  third  to  half  an  inch  behind  the  cir¬ 
cumference  of  the  cornea  (Fig.  13-29).  There  are  six  muscles 
for  each  eye,  the  four  recti  muscles  {internal,  external,  superior, 

and  inferior)  and  the  two  obliques 
{superior  and  inferior).  The  inter¬ 
nal  rectus  muscle  turns  the  eye  in¬ 
ward,  i.e.,  toward  the  nose;  the  exter¬ 
nal  rectus  turns  it  outward.  The  su¬ 
perior  rectus  rotates  the  eye  upward 
and  inward,  the  inferior  rectus  down¬ 
ward  and  inward.  The  superior  ob¬ 
lique  rotates  the  eyeball  downward 
and  outward,  the  inferior  oblique  up¬ 
ward  and  outward  (see  diagram, 
Fig.  13-30).  The  obliques  also  cause 
a  wheel-like  rotatory  movement. 

The  superior  oblique  muscle  is 
supplied  by  the  trochlear  (fourth 
cranial)  nerve,  and  the  external  rec¬ 
tus  by  the  abducent  (sixth  cranial) 
nerve;  all  the  other  ocular  musdes 
are  supplied  by  the  oculomotor 
(third  cranial)  nerve. 

The  muscles  of  the  two  eyes  act  in  unison.  For  example, 
the  eyes  are  turned  to  one  or  other  side  —  conjugate  deviation  ■ — 
by  the  contraction  of  the  external  rectus  of  one  eye  and  the  in¬ 
ternal  rectus  of  the  other.  Convergence  of  the  eyes,  i.e.,  turn- 
ing  both  eyes  inward,  is  brought  about  by  the  contraction  of 
both  internal  recti.  In  any  movements  of  the  eyes  the  muscles 
which  bring  about  the  opposite  movement,  ix.,  the  antagonistic 
xniiscles,  are  inhibited.  Thus,  the  principle  of  reciprocal  inhi¬ 
bition  (p.  568)  applies  to  the  ocular  muscles  as  well  as  to  other 
muscles  of  the  body. 

The  visual  axis  of  the  eye  is  represented  by  a  line  extending 


Fig.  13-28  Illusion  of 
size.  The  figure  of  the 
man  is  actually  smaller 
than  that  of  the  child  but 
the  effect  of  distance  pro¬ 
duced  by  the  converging 
lines  causes  it  to  appear 
larger. 
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from  an  object  in  the  visual  field,  through  the  cornea,  a  little 
to  the  nasal  side  of  its  center  of  curvature,  to  the  fovea  cen¬ 
tralis.  When  the  sight  is  directed  to  a  far  view  the  axes  of  the 
two  eyes  are  parallel.  But  during  accommodation  for  near 
vision,  when  the  eyes  converge,  the  axes  meet  at  a  point  in  the 
object  at  which  we  look.  This  is  called  the  fixation  -point. 
When,  as  a  result  of  unbalanced  action  of  the  ocular  muscles. 


Fig.  13-29  Showing  the  eyeball  in  its  bony  socket  (orbital  cavity)  and 
the  ocular  muscles. 


the  visual  axes  do  not  bear  the  normal  relationship  to  one  an¬ 
other;  they  may  be  converged  too  acutely  (“  cross  eyes  ”)  or  not 
enough,  or  they  may  diverge.  The  condition  is  known  as 
strabismus  or  squint. 

The  eyelid  is  raised  by  a  muscle  attached  to  the  upper  bony 
wall  of  the  eye  socket  and  inserted  into  the  skin  and  dense  con¬ 
nective  tissue  of  the  upper  lid.  It  consists  of  a  smooth  muscle 
and  a  voluntary  muscle  component.  The  former  is  supplied 
by  sympathetic  nerve  fibers,  the  latter  by  a  branch  of  the  oculo¬ 
motor  (third  cranial)  nerve.  The  muscle  is  called  the  levator 
palpebrae  superioris  (elevator  of  the  upper  lid).  The  lids  are 
closed  by  a  sphincter-like  muscle  known  as  the  orbicularis  oculi. 
The  fibers  of  this  muscle  are  arranged  in  circles  and  sweep 
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around  the  opening  between  the  lids.  It  is  supplied  by  branches 
of  the  facial  nerve. 

The  structure  and  functions  of  the  iris.  The  iris  is  a  circular 
diaphragm  or  curtain  lying  behind  the  cornea,  and  in  front  of 
the  lens.  The  circular  opening  at  its  cen  ter  is  called  the  pupil. 
The  iris  around  its  circumference  is  attached  to  the  ciliary 


Elevation. 


13-30  Diagram  of  the  actions  of  the  muscles  of  one  eye.  (From 
Fuchs  after  Marquez.)  01,  inferior  oblique;  RS,  superior  rectus;  R.ext., 
external  rectus;  R.int.,  internal  rectus;  OS,  supeiior  oblique;  RI,  in¬ 
ferior  rectus.  The  arrows  indicate  the  direction  in  which  each  muscle 
tends  to  move  the  eyeball.  It  will  be  noted,  however,  that  the  actions  of 
some  muscles  are  antagonized  by  those  of  others.  For  example,  the  eye 
is  turned  outward  by  the  combined  actions  of  the  external  rectus,  in¬ 
ferior  oblique  and  superior  oblique.  The  upward  and  rotary  move- 
nient  caused  by  the  inferior  oblique  is  neutralized  by  the  opposing  ac¬ 
tion  of  the  superior  oblique. 

body.  It  is  composed  of  two  sets  of  smooth  muscle  fibers. 
One  set  of  fibers  is  arranged  circularly;  it  causes  narrowing 
of  the  pupil,  and  is  therefore  called  the  sphincter  or  constrictor 
pupillae.  The  fibers  of  the  other  set  run  radially  from  the 
pupillary  margin;  they  dilate  the  pupil  and  constitute  the  dilator 
pupillae  mmdt  (see  Fig.  13-31). 

The  control  of  the  muscle  of  the  iris  is  purely  reflex.  The 
receptors  for  the  constrictor  reflex  are  in  the  retina,  the  afferent 
pathway  is  over  the  visual  fibers  to  the  mid-brain;  here,  com 
nections  are  made  with  the  nucleus  of  the  third  cranial  nerve. 
The  efferent  fibers  belong  to  the  parasympathetic  division  of 
the  autonomic  nervous  system.  They  is^ue  from  the  nucleus 
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of  the  third  nerve,  and  are  conveyed  in  the  trunk  of  this  nerve 
to  the  ciliary  ganglion  (see  diagram,  PL  15  B) ;  from  here  post¬ 
ganglionic  fibers  pass  to  the  constrictor  of  the  iris.  The  dilator 
pupillae  is  supplied  by  the  sympathetic.  The  sympathetic  fi¬ 
bers  descend  in  the  spinal  cord  where  they  synapse  with  cells  in 
the  lateral  horns  of  gray  matter.  They  leave  the  cord  in  the 
lower  cervical  region  to  enter  the  gangliated  cord  of  the  sym¬ 
pathetic  where  they  connect  with  cells  in  the  superior  cervical 


Fig.  13-31  Segment  of  the  iris,  enlarged,  showing  sphincter  muscle,  A, 
and  dilator  muscle,  B. 

ganglion.  From  these  cells,  fibers  (postganglionic)  pass  to  the 
dilator  muscle  of  the  pupil. 

Light  falling  upon  the  retina  of  either  eye  causes  both  pupils 
to  constrict,  the  constrictor  pupillae  being  excited,  the  dilator 
pupillae  inhibited ;  thus,  the  retina  is  shielded  from  the  injuri¬ 
ous  action  of  very  bright  light.  In  the  dark  or  in  dim  light,  the 
pupil  dilates,  thus  permitting  the  greatest  illumination  possible; 
the  tone  of  the  dilator  pupillae  is  increased  while  the  constrictor 
muscle  is  inhibited.  •  The  diameter  of  the  pupil  at  any  moment 
depends  upon  which  of  these  two  opposing  actions  is  dominant. 
Constriction  of  the  pupil  occurs  also  during  accommodation  of 
the  eye  (p.  652).  The  pupil  is  altered  in  size  by  certain  emo¬ 
tional  states,  constricting  in  anger  and  dilating  in  fear.  It  is 
constricted  during  sleep,  and  during  ether  or  chloroform  anes¬ 
thesia.  Drugs  such  as  atropine  (the  active  principle  of  bella¬ 
donna)  and  adrenaline  cause  dilatation  of  the  pupil;  morphine 
and  pilocarpine  cause  constriction. 


22 
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Optical  defects*  Sphcficcil  uhcTvutton,  The  convergence 

point  of  rays  passing  tlirougli  tlie  periplierai  parts  of  an  ordi- 
nary  convex  lens  is  closer  to  die  lens  than  that  of  rays  trans¬ 
mitted,  more  centrally.  The  two  groups  of  rays  cross,  resulting 
in  a  blurred  image.  This  is  an  inherent  defect  of  convex  lenses 
and  is  called  spherical  aberration  (Fig.  13-32).  In  the  mating 
of  a  higli  quality  camera  lens,  special  means  are  employed  to 
correct  this  defect;  the  lens  is  built  up  of  separate  pieces  of  glass 


*3-3-  lliustrating  spherical  aberration.  Note  that  the  outer  rays 
come  to  a  focus  (i)  in  front  of  the  more  central  rays  (2).  The  vertical 
broken  lines  in  front  of  the  lens  show  how  a  “  stop  of  a  camera  or 
the  iris  of  the  eye  cuts  off  the  outer  rays. 

of  different  refractive  indices  cemented  together  so  that  all  rays 
are  converged  at  the  same  point.  Spherical  aberration  is  cor¬ 
rected  to  some  extent  in  a  corresponding  fashion  in  the  human 
crystalline  lens;  the  central  part  of  the  lens  has  a  greater  optical 
density  than  the  more  peripheral  and  superficial  region.  The 
center  has  therefore  greater  refracting  power.  Thus  all  parts  of 
the  lens  are  rendered  more  uniform  in  respect  to  their  pov^er 
of  converging  the  rays  of  light.  The  iris,  since  it  covers  the 
outer  part  of  the  lens  and  blocks  the  peripheral  rays,  also  serves 
to  correct  spherical  aberration.  The  diaphragm  of  a  camera 
serves  a  similar  purpose. 

Chromatic  aberration.  The  colors  composing  white  light  are 
refracted  to  different  degrees  according  to  their  wave  lengths. 
The  long  red  rays  are  refracted  least;  the  violet  rays  most;  the 
other  colors  of  the  spectrum  are  refracted  in  progressively 
greater  degree  from  orange  to  blue  (see  Fig.  13-33). 
reason,  a  series  of  fringes,  colored  from  violet  to  red  from 
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Fig.  13-33  Illustrating  chromatic  aberration.  The  small  figure  shows 
how  a  simple  convex  lens  is  essentially  two  prisms  placed  base  to  base. 

within  outward,  borders  the  image  formed  by  a  simple  cheap 
lens.  Thus,  if  a  screen,  e.g.,  a  white  card,  were  placed  at  the 
point  designated  violet  in  the  figure,  a  colored  halo  would  be 
thrown  upon  it  with  the  violet  in  the  center  and  red  on  the 
outside.  If  the  screen  were  at  the  point  indicated  by  red,  the 
rays  having  crossed,  the  colors  would  be  in  reverse  order,  red 
in  the  center  and  violet  outside.  If  the  black  and  white  circles 
in  Figure  13-34  ^re  observed  at  a  distance  of  about  one  inch 
from  the  eye  —  nearer  the  eye  than  the  point  of  clear  vision  — 
the  white  circles  will  appear  in  a  bluish  tint  as  a  result  of  chro¬ 
matic  aberration,  as  the  defect  under  discussion  is  called.  It 
is  corrected  in  camera  and  microscope  lenses  by  cementing 
a  biconvex  lens  of  crown  glass  to  a  concave  block  of  flint  glass 
(see  Fig.  13-35).  Such  a  lens  is  called  achromatic.  The  lens  of 
the  eye  is  not  corrected  for  chromatic  aberration.  A  red  and 


P‘g-  13-34  Illustrating  chromatic  aberration.  See 
text. 

a  violet  object  at  the  same  distance  from  the  eye,  therefore,  can¬ 
not  both  be  seen  sharply  at  the  same  time.  If,  for  example, 
the  eyes  are  focused  upon  a  violet  light,  they  must  accommo¬ 
date,  in  order  to  maintain  the  focus,  when  the  light  is  changed 
to  red.  In  ordinary  vision,  the  colors  surrounding  the  images 
on  the  retina  are  not  perceived ;  we  have  come  to  ignore  them. 


I 
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Presbyopia.  This  is  a  defect  of  ac¬ 
commodation  which  develops  after 
middle  age.  Distant  vision  is  unim¬ 
paired,  but  the  lens,  like  other  tissues, 
loses  its  resilience  or  elasticity  with  ad¬ 
vancing  years,  and  cannot,  in  conse¬ 
quence,  bring  the  image  of  a  near  ob¬ 
ject  into  focus  upon  the  retina.  The 
subject  of  presbyopia  is,  therefore,  un¬ 
able  to  read  ordinary  print  without  the 
aid  of  convex  glasses. 

The  shape  of  the  lens  also  changes  with  advancing  years,  its 
curvature  being  flatter,  and  its  refracting  power  correspond¬ 
ingly  less  in  middle  and  late  adult  life  than  in  the  young  (see 

Fig-  13-36)- 

Defects  due  to  abnormalities  in  the  form  of  the  eyeball.  The 
three  defects  about  to  be  discussed  are  due  to  abnormalities 
in  the  conformation  of  the  eyeball.  The  normal  or  emmetropic 
eye  is  nearly  spherical,  the  vertical  and  transverse  diameters 
being  only  about  a  millimeter  shorter  than  the  anteroposterior 
(see  Fig.  13-37,  B). 

Myopia  or  shortsightedness.  In  this  defect  of  the  eye,  the 
refracting  power  of  the  lens  is  the  same  as  in  the  normal  eye, 
but  the  anteroposterior  diameter  of  the  globe  is  abnormally  long. 
The  image  is,  therefore,  brought  to  a  focus  a  little  in  front  of 
the  retina.  In  other  words,  the  lens  is  too  strong  for  the  length 
of  the  eyeball.  The  rays  after  coming  to  a  focus  disperse  again, 
and  a  blurred  irnage  is  formed  upon  the  retina,  just  as  when 
the  film  of  a  camera  is  adjusted  at  too  great  a  distance  from  the 
lens.  Myopia  is  corrected  by  fitting  the  subject  with  concave 


Fig-  13-^5  Diagram 
showing  the  structure  of 
an  achromatic  lens,  i, 
flint  glass;  2,  crown  glass. 


F'g-  13-36  Showing  the  contour  of 
the  crystalline  lens  at  different  pe¬ 
riods  of  life.  Trom  left  to  right,  in 
infancy,  in  early  adult  life,  and  in 
old  age. 


Fig.  13-37  Illustrating 
myopia  (A),  emmetropia 

(B) ,  and  hypermetropia 

(C) .  Myopia  requires  a 
concave  lens  for  its  cor¬ 
rection;  hypermetropia,  a 
convex  lens.  Note  that  in 
the  three  types  of  eye,  the 
light  rays  are  focussed  at 
the  same  distance  behind 
the  lens;  in  other  words 
the  defects  are  due  to  ab¬ 
normalities  in  the  length 
of  the  eyeball 

lenses  which,  by  diverging  the  rays  before  they  enter  the  eye, 
thus  partly  offsetting  the  converging  power  of  the  crystalline 
lens,  bring  them  to  a  focus  upon  the  retina  (Fig.  13-37,  A). 

When  his  defect  is  not  fully  corrected,  the  subject  of  myopia 
holds  any  object  which  he  wishes  to  see  clearly  very  close  to  his 
eyes  and  relaxes  his  accommodation  —  that  is,  accommodates 
for  far  vision.  The  reason  is  that  rays  of  light  from  the  near 
object  are  more  divergent;  he  thus  to  some  extent  corrects  his 
defect.  But  if  he  accommodated  his  eyes  for  near  vision,  the 
curvature  of  the  crystalline  lens  would  be  increased  and  his 
visual  disability  accentuated. 

Hypermetropia  or  longsightedness.  This  defect  is  due  to  the 
anteroposterior  diameter  of  the  eyeball  being  too  short.  Since 
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the  refracting  power  of  the  crystalline  lens  is  the  same  as  in 
the  normal  eye^  the  rays  cannot  be  converged  acutely  enough 
to  form  a  clear  image  upon  the  retina.  Hypermetropia  is  cor¬ 
rected  by  means  of  convex  lenses  which  converge  the  rays  be- 


^3“3^  Astigmatism.  Showing  that  light  rajvS  passing  through  dif¬ 
ferent  meridians  are  not  brought  to  the  same  focus.  Upper  cut,  the 
horizontal  curvature  of  the  lens  is  the  same  as  the  vertical;  rays  of  light 
passing  through  the  horizontal  and  vertical  diameters  (meridians)  are 
therefore  focussed  to  the  same  point.  Lou/er,  the  horizontal  curvature 
is  greater  than  the  vertical.  Rays  passing  through  the  horizontal  me¬ 
ridian  are  focussed  at  and  those  passing  through  the  vertical  me¬ 
ridian  at  Fg.  See  text. 

fore  they  enter  the  eye,  thus  aiding  the  crystalline  lens  (Fig. 

13-37.  C). 

Astigmatism.  This  is  probably  the  commonest  of  all  de¬ 
fects  of  the  eye.  In  astigmatism,  as  the  name  itself  implies 
(Gk.  a,  privative  stigma,  a  point),  rays  of  light  are  not 
brought  to  sharp  points  upon  the  retina,  but  form,  instead, 
short  lines.  The  defect  is  present  in  all  eyes  to  a  certain  degree, 
and  it  is  only  when  well  marked  that  it  can  be  considered  ab¬ 
normal.  The  stars,  for  example,  which  should  appear  to  us  as 
small  dots  of  light,  seem  to  radiate  short  lines  of  light.  For 
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the  same  reason  a  light  shining  through  the  dark  appears  to 
emit  radiating  beams.  , 

It  must  be  remembered  that  rays  of  light  pass  through  all 
meridians  of  a  lens;  in  converging  to  a  focus  they,  therefore, 
form  a  cone  of  light,  not  simply  a  flat,  pennant-like  beam.  If, 
as  in  the  normal  eye,  all  meridians  of  the  lens  have  approxi¬ 
mately  the  same  curvature,  then  rays  in  all  planes  will  be  re¬ 
fracted  to  the  same  degree  and  come  to  a  focus  together.  If  the 


no 


Fig.  13-39  Chart  used  in  testing 
for  astigmatism.  In  the  astig¬ 
matic  eye,  the  image  of  the  lines 
in  one  or  more  meridians  is 
blurred  (not  in  focus). 

curvatures  differ,  the  rays  transmitted  through  a  meridian  with 
the  greater  curvature  will  be  refracted  more  strongly,  and 
brought  to  a  focus  in  front  of  rays  passing  through  other  me¬ 
ridians.  For  example,  should  the  vertical  meridian  be  more 
curved  than  the  horizontal,  then  when  the  rays  passing  through 
the  vertical  meridian  are  in  focus  those  in  the  horizontal  will 
form,  not  a  point,  but  a  horizontal  line  (see  Fig.  13-38).  Such 
inequalities  of  curvature  in  the  meridians  of  the  cornea  or,  less 
commonly,  of  the  crystalline  lens,  are  the  cause  of  astigma¬ 
tism.  The  greater  curvature  may  be  in  either  a  vertical, 
horizontal  or  an  oblique  meridian.  When  the  subject  of  astig¬ 
matism  looks  at  a  card  on  which  is  printed  a  figure  like  the 
dial  of  a  clock  (Fig.  13-39),  tl^^  vertical  lines  may  be  clearly 
seen,  while  the  horizontal  are  blurred,  or  vice  versa.  Again, 
the  diagonal  lines  may  be  out  of  focus  while  the  horizontal  and 
vertical  ones  are  clearly  defined. 
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Astigmatism  is  corrected  by  the  use  of  spectacle  lenses  con¬ 
vex  in  the  meridian  corresponding  to  that  of  the  cornea  (or- 
crystalline  lens)  having  the  lesser  curvature.  Thus,  if  the  cur¬ 
vature  of  the  cornea  is  greater  in  the  vertical  meridian,  the  sub¬ 
ject  is  fitted  with  a  cylindrical  lens  having  its  convexity  in  the 
horizontal  meridian. 

Opacities  in  the  vitreous  body.  Minute  opacities  or  semi¬ 
opaque  bodies  are  present  in  the  vitreous  body  of  the  best  of 
eyes.  Though  they  cause  no  inconvenience  and  we  are  usually 
unaware  of  them,  they  can  be  demonstrated  by  anyone  in  his 


Drawing  of  a  contact  lens. 

own  eyes.  They  appear  when  the  eyes  are  closed  and  one  con¬ 
centrates  his  attention  as  he  gazes  against  closed  lids,  or,  with¬ 
out  closing  the  eyes,  looks  at  a  clear  sky  or  some  blank  surface. 
They  are  called  muscae  volitantes  (L.  flying  flies).  They  are 
seen  to  move  either  upward  or  downward  when  the  eyes  are 
moved,  but  when  one  attempts  to  focus  upon  them  they  ap¬ 
pear  to  fly  away.  The  visual  sensations  are  caused  by  the 
shadows  cast  upon  the  retina  by  epithelial  cells  or  other  debris, 
e.g.,  embryonic  remnants  in  the  vitreous  body. 

Contact  lenses.  These  are  thin  bowl-shaped  shells  of  glass 
made  to  fit  over  the  cornea,  used  in  some  cases  of  refractive 
errors,  especially  those  due  to  an  abnormal  shape  of  the  cornea, 
to  astigmatism,  or  to  absence  of  the  crystalline  lens.  The  con¬ 
tact  lens  is  made  in  the  form  of  the  normal  cornea  and  before 
being  applied  to  the  surface  of  the  eye  is  filled  with  saline  solu¬ 
tion  which,  when  the  lens  is  in  position,  lies  as  a  thin  film  be¬ 
tween  it  and  the  cornea.  Now,  the  saline  is  of  approximately 
the  same  refractive  power  as  the  cornea  and,  for  purposes  of 
refraction,  cornea  and  saline  are,  therefore,  one.  Thus  the 
posterior  surface  of  the  glass  lens  being  in  the  form  of  a  nor¬ 
mal  cornea,  molds,  as  it  were,  the  patient’s  cornea  into  normal 
shape.  The  lens  may  also  be  ground  like  any  other  lens  so  as  to 
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render  it  of  the  required  curvature  to  correct  a  refractive  er¬ 
ror,  e.g.,  astigmatism,  myopia,  etc.  (Fig.  13-40). 

The  evil  effects  of  bad  lighting  upon  the  eyes.  Reading  in 
a  light  of  such  low  illumination  that  the  letters  are  not  seen 
sharply  and  read  easily,  too  fine  a  print,  or  lack  of  contrast 
between  the  letters  and  the  paper,  cause  eyestrain.  Our  tele¬ 
phone  directories  seem  to  suffer  from  both  of  the  two  last-men¬ 
tioned  defects.  The  ciliary  muscle  contracts  to  its  maximum  in 
order  to  increase  the  convexity  of  the  lens,  and  some  persons 
even  press  upon  the  cornea  with  the  lids  in  an  effort  to  bulge  it 
forward  —  that  is,  to  make  it  more  convex  and  increase  its  re¬ 
fractive  power.  Headache  results. 

Glare  is  also  a  common  cause  of  eyestrain.  There  are  three 
kinds  of  glare  —  veiling,  dazzling,  and  blinding.  Veiling  glare 
is  that  which  is  created  by  a  bright  light  which  is  uniformly 
diffused  over  the  scene  and  reduces  the  contrast  in  the  image 
of  light  and  shade.  Dazzling  glare  is  caused  by  a  light  shin¬ 
ing  into  the  eyes  at  an  angle  of  about  45°.  It  does  not  enter 
into  the  formation  of  the  retinal  image  and  is  scattered  by  the 
refracting  media  of  the  eye.  Blinding  glare  is  light,  also  not 
part  of  the  retinal  image,  which  enters  the  pupil  more  directly, 
as  when  one  looks  directly  into  a  very  bright  light. 

The  best  light  for  reading  is  one  of  from  10  to  20  foot- 
candles,*  which  is  shed  upon  a  dull-surfaced  paper,  and  which 
does  not  cause  glare  in  any  of  the  ways  listed  above.  There 
should  be  also  a  generally  diffused  and  indirect  illumination 
of  the  room. 

Blindness,  partial  or  complete.  Any  loss  of  transparency  of 
the  refracting  media  of  the  eye  —  cornea,  aqueous  humor,  lens, 
or  vitreous  body  —  reduces  visual  acuity.  The  parts  of  the 
eye  most  commonly  affected  in  this  way  are  the  cornea  and 
the  crystalline  lens.  Destruction,  by  injury  or  disease,  of  the 
corneal  surface  is  replaced  by  a  scar,  which  is  translucent  or 
opaque,  and  if  so  situated  that  light  rays  are  prevented  from 
entering  the  pupil  in  beams  which  can  be  focussed  (though 

*  A  foot-candle  is  a  measure  of  illumination;  it  is  the  light  given  out  by  a  standard 
candle  to  one  square  foot  of  surface  one  foot  distant  from  it. 
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light  and  shade  may  be  appreciated)  blindness  of  the  affected 
eye  results,  in  so  far  as  recognizing  objects  is  concerned. 

Cataract.  Cloudiness  or  opacity  of  the  crystalline  lens 
results  in  a  corresponding  limitation  of  vision.  Lack  of  trans¬ 
parency  of  the  lens  is  called  cataract.  It  is  a  defect  usually  oc¬ 
curring  in  persons  past  middle  age.  The  changes  in  the  trans¬ 
parency  of  the  lens  in  the  usual  form  of  cataract  are  due  to  a 
degenerative  process  involving  the  lens  proteins  which  starts 
near  the  center  of  the  lens  and  spreads  toward  the  surface. 
During  this  time  the  cataract  is  said  to  be  immature.  It  is  ma¬ 
ture  when  the  process  has  extended  to  involve  the  superficial 
layers  of  the  lens.  Usually,  the  cure  of  cataract  is  postponed 
until  the  mature  stage  has  been  reached.  The  surgeon  then 
pierces  the  anterior  chamber  with  a  needle-like  instrument  and, 
making  an  opening  in  its  capsule,  breaks  up  the  degenerated 
and  softened  lens.  This  permits  the  entrance  of  aqueous  hu¬ 
mor  and  the  gradual  absorption  of  the  lens  substance.  Thus 
light  rays  can  again  reach  the  retina.  Glasses  are  prescribed  to 
compensate  for  the  loss  of  the  refractive  power  of  the  lens. 
The  operation  of  “  needling  ”  for  cataract  goes  back  to  ancient 
days.  The  cause  of  the  ordinary  type  of  the  condition,  which 
is  known  as  senile  cataract,  is  thought  to  be  due  to  the  pro¬ 
longed  action  of  sunlight  or  other  sources  of  ultraviolet  rays 
upon  the  lens  proteins.  It  is  much  more  common  in  India, 

®SyPh  other  tropical  and  sunny  regions  than  in  temperate 
zones. 

Other  types  of  cataract  which  may  occur  in  earlier  life  are 
associated  with  certain  metabolic  diseases,  especially  diabetes. 
Another  type,  which  occurs  in  glass  blowers,  is  probably  due 
to  heat  (infrared)  rays. 

Total  blindness,  in  which  not  even  a  bright  light  can  be  per¬ 
ceived,  may  result  from  injury  or  disease  of  the  retinas,  of  the 
optic  nerves,  of  the  optic  tracts,  or  of  the  visual  area  situated  in 
die  cortex  of  the  occipital  lobes  of  the  cerebrum.  If  one  retina 
IS  affected,  or  one  optic  nerve,  blindness  of  the  corresponding 
eye  alone  results.  If  the  optic  tract  (Le.,  the  visual  nerve  fibers 
between  the  optic  chiasma  and  the  occipital  cortex)  or  the 
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visual  area  of  the  cortex  of  one  side  is  injured  or  diseased,  par¬ 
tial  blindness  results  in  both  eyes.  Complete  blindness  in  the 
two  eyes  results  only  if  the  optic  tracts  or  visual  areas  of  both 
sides  are  involved  (see  also  p.  638). 

The  pressure  within  the  eyeball;  intraocular  fluid.  The 
pressure  within  the  eyeball  is  from  20-25  mm.  Hg  during  life, 
but  falls  to  about  10  mm.  shortly  after  death.  The  higher  pres¬ 
sure  is  due  to  the  pressure  in  the  capillaries  in  the  wall  of  the 
globe.  The  lower  pressure  of  10  mm.  which  persists  for  a  time 
after  death  is  due  to  the  pressure  of  the  aqueous  humor  and  the 
fluid  in  the  vitreous  body. 

The  intraocular  fluids  are  not  secreted,  apparently,  but  are 
formed  by  the  passage  of  fluid  by  dialysis  (p.  20)  from  the 
blood  across  the  membranes  on  the  surface  of  the  ciliary  body 
and  the  posterior  aspect  of  the  iris.  The  fluid  is  reabsorbed, 
mainly  by  drainage  through  canals  at  the  angles  of  the  anterior 
chamber  formed  by  the  iris  and  cornea  (see  Fig.  13-1).  There 
is  thus  a  fairly  free  circulation  of  fluid  —  from  blood  to  the  in¬ 
terior  of  the  eyeball  and  back  to  the  blood  by  reabsorption. 

Glaucoma.  This  is  a  very  serious  disease  of  the  eye  of  which 
the  initial  abnormality  is  an  increase  in  the  intraocular  pres¬ 
sure.  The  ocular  hypertension  leads  to  pathological  changes 
within  the  eyeball  which,  if  the  tension  persists,  lead  to  blind¬ 
ness  through  pressure  upon  the  delicate  retinal  structures.  One 
form  of  the  disease  follows  some  other  eye  disease  and  is  due 
either  to  increased  production  of  intraocular  fluid,  or  to  block¬ 
age  of  the  drainage  canals  at  the  angles  of  the  anterior  cham¬ 
ber.  Another  form  of  the  disease  is  not  preceded  by  any  known 
ocular  disease;  its  cause  remains  obscure. 

The  Ear 

The  structure  of  the  ear.  The  ear  consists  of  three  distinct 
parts,  called  the  outer,  middle,  and  inner  ears,  each  of  which 
has  a  special  part  to  play  in  the  mechanism  of  hearing. 

The  outer  ear  consists  of  an  appendage  of  cartilage  and  skin 
situated  on  the  side  of  the  head  and  known  as  the  auricle  or 
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pinna,  together  with  a  short  funnel-shaped  passage  called  the 
external  auditory  meatus  (or  canal).  The  latter  leads  into  the 
temporal  bone  of  the  skull,  and  is  closed  at  its  inner  end  by  a 
flexible  membrane  called  the  drum  or  tympanic  membrane 
The  auricle  and  auditory  canal  serve  simply  to  collect  and  di- 


P'g-  13-41  Plan  of  the  ear.  (Redrawn  and  modified  from  Arnold.) 
I,  the  auricle  (or  pinna) ;  2,  external  auditory  canal  (or  meatus)  :  j,  the 
tympanic  membrane  (sectioned) ;  4,  the  tympanic  cavity  (middle  ear), 
the  chain  of  ossicles  lies  just  above  the  pointer;  5,  Eustachian  tube; 
6,  cochlea;  7,  acoustic  nerve,  showing  cochlear  and  vestibular  divisions; 
8,  semicircular  canals. 


rect  the  sound  waves  to  the  drum  membrane;  the  latter  sepa¬ 
rates  the  outer  from  the  middle  car  (see  Fig.  13-41). 

The  middle  ear,  drum,  or  tympanum  is  a  small  dhamber 
within  the  temporal  bone.  As  just  mentioned,  the  drum  mem¬ 
brane  IS  interposed  between  it  and  the  outer  ear.  The  middle 
ear  contains  three  miniature  bones  (the  auditory  ossicles) 
rumed  individually  from  their  shapes,  the  malleus  (hammer), 
the  incus  (anvil),  and  the  stapes  (stirrup)  (see  Fig.  13-42). 
The  handle  of  the  malleus  is  attached  to  the  tympanic  mem¬ 
brane;  its  head  is  connected  by  a  small  joint  with  the  body  of 
the  incus.  A  process  of  the  incus  is  joined  to  one  end  of  the 
stapes;  the  other  end  or  foot-plate  of  the  stirrup-like  bone  is 
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fitted  into  a  small  opening  in  the  inner  wall  of  the  middle  ear, 
called  the  oval  window.  Situated  a  little  lower  in  the  inner 
wall  of  the  tympanum  is  the  round  window;  this  is  closed  by 
a  thin  membrane. 

A  narrow  canal  —  the  Eustachian  tube  —  which  connects  the 
middle  ear  with  the  posterior  part  of  the  nose,  serves  for  the 


Fig.  13-42  The  auditory 
ossicles.  I,  left  malleus 
viewed  from  outer  side 
(Helmholtz),  c,  head,  a.i, 
articular  surface  for  incus; 
ma,  handle.  2,  left  incus, 
pr.br,  short  process;  pr.l, 
long  process  which  articu¬ 
lates  with  stapes;  a.m,  ar¬ 
ticular  surface  for  mal¬ 
leus.  3,  left  stapes,  h, 
head;  b,  base  or  “foot¬ 
plate”;  4,  the  middle  ear 
viewed  from  the  inner  as¬ 
pect  and  showing  ossicles 
in  position;  d,  drum  mem¬ 
brane;  i,  incus;  m,  mal¬ 
leus;  St,  stapes;  ch.ty,  chor¬ 
da  tympani  nerve;  l.s,  lig¬ 
ament  of  malleus;  Li,  liga¬ 
ment  of  incus;  t.t,  tendon 
of  tensor  tympani  muscle. 


passage  of  air  between  the  middle  ear  and  the  atmosphere. 
Thus  equality  of  pressures  upon  the  two  sides  of  the  drum 
membrane  is  maintained. 

Two  very  small  muscles  are  to  be  found  in  the  middle  ear. 
They  arise  from  neighboring  bone  or  cartilage  and  are  inserted, 
one  (the  tensor  tympani)  into  the  handle  of  the  malleus,  the 
other  (the  stapedius)  into  the  stapes.  These  two  muscles  con¬ 
tract  reflexly  and  simultaneously  when  very  forcible  vibrations 
strike  the  ear-drum,  and  by  damping  the  movements  of  the 
ossicles  protect  the  internal  ear  from  injury. 
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P'^g-  ^3-43  Upper  drawing,  a  view  of  the  osseous  cochlea  divided 
through  the  middle.  (After  Arnold.)  r,  scala  vestibuli;  2,  scala  tym- 
pani;  3,  modiolus,  showing  tunnels  transmitting  branches  of  auditory 
nerve.  It  contains  the  spiral  ganglion.  Lower  drawing,  enlarged 
sketch  of  one  turn  of  the  cochlea  (redrawn  after  Qiiain).  S.V,  scala 
vesdbuli;  S.M,  scala  media  (cochlear  duct) ;  S.T,  scala  tympani;  a,  Reiss- 
ner’s  membrane;  b,  basilar  membrane;  c,  organ  of  Corti;  d,  auditory 
nerve. 

The  inner  ear  or  labyrinth  lies  internal  to  the  middle  ear;  it 
contains  the  receptors  of  hearing  and  the  semicircular  canals 
(p.  691).  The  auditory  sense  organ  lies  in  a  spiral  passage 
within  the  temporal  bone,  known  as  the  cochlea,  from  its  re¬ 
semblance  to  a  snail’s  shell.  The  spiral  canal  makes  two  and 
one  half  turns  around  a  central  pillar  of  bone  called  the  modio¬ 
lus.  The  larger  turns  of  the  spiral  are  at  the  base  of  the  cochlea, 
the  smaller  turns  at  the  apex  or  cupula.  A  ledge  of  bone,  which 
winds  around  the  modiolus  like  the  thread  of  a  screw-nail, 
divides  the  spiral  canal  incompletely  into  two.  The  partition  is 
completed  by  a  thin  membrane  —  the  basilar  membrane  — 
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which  extends  from  the  tip  of  the  ledge  of  bone  to  the  outer 
wall  of  the  canal  (see  Fig.  13-43).  A  second  membrane 
Reissners  membrane  —  stretches  from  the  upper  surface  of  the 
bony  ledge  to  a  point  in  the  outer  wall  of  the  canal,  a  short 
distance  above  the  attachment  of  the  basilar  membrane.  These 
two  membranes  thus  divide  the  original  canal  into  three  spiral 
compartments.  The  compartment  below  the  basilar  mem¬ 
brane  is  called  the  scala  tympani,  the  one  enclosed  between  the 
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Fig.  13-44  The  internal  auditory  meatus. 

basilar  membrane  and  Reissner’s  membrane  is  called  the  scala 
media,  cochlear  duct,  or  membranous  cochlea,  and  the  one  ly¬ 
ing  above  Reissner’s  membrane,  the  scala  vestibuli.  The  scala 
media  is  filled  with  a  fluid  called  endolymph;  the  fluid  within 
the  scala  tympani  and  scala  vestibuli  is  known  as  the  perilymph. 

The  scala  vestibuli  communicates  with  the  middle  ear 
through  the  oval  window  which,  as  already  stated,  lodges  the 
foot-plate  of  the  stapes. 

The  membrane  of  the  round  window  is  interposed  between 
the  commencement  of  the  scala  tympani  and  the  middle  ear. 

The  essential  organ  of  hearing  comprises  the  organ  of  Corti 
and  the  basilar  membrane  on  which  it  rests.  The  basilar  mem¬ 
brane,  as  described  above,  extends  from  the  bony  ledge  or  shelf 
winding  aroimd  the  modiolus  to  the  opposite  wall  of  the  coch¬ 
lear  canal.  The  organ  of  Corti  like  the  basilar  membrane  fol¬ 
lows  a  spiral  course  from  the  base  to  the  apex  of  the  cochlea. 
It  contains  rows  of  elongated  cells  —  the  hair  cells;  these  arc 
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the  auditory  receptors.  About  twenty  hair-like  processes  pro¬ 
ject  from  the  free  end  of  each  cell.  The  tips  of  the  hairs  are 
attached  to  a  thin  elastic  membrane  —  the  tectorial  membrane 
—  which  extends  outward  from  near  the  attachment  of  Reiss- 
ncr’s  membrane  to  cover  the  organ  of  Corti. 


The  internal  auditory  meatus  is  a  short,  bony  canal,  about 
one  centimeter  long,  which  runs  inward  from  the  internal  ear 
to  open  into  the  cranial  cavity.  It  lodges  the  cochlear  and 
vestibular  nerves.  The  outer  end  or  bottom  of  the  canal  (Fig. 
^3'44)  is  occupied  by  the  base  of  the  modiolus  and  a  perforated 
plate  of  bone.  From  the  former,  central  filaments  of  the  coch¬ 
lear  nerve  enter  the  meatus  (see  below) ;  the  perforated  plate 
gives  passage  to  the  peripheral  fibers  of  the  vestibular  nerve 

(p.68i). 

The  auditory  pathway.  The  nerve  of  hearing  is  known  as 
the  cochlear  nerve.  Its  fibers  are  the  processes  of  nerve  cells  in 
a  small  ganglion  called  the  spiral  ganglion  of  Corti,  which  oc- 
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cupies  the  spiral  canal  in  the  center  of  the  modiolus.  Processes 
of  the  ganglion  cells  are  in  two  sets  —  peripheral  and  central 
The  former  pass  along  the  spiral  ledge  of  bone  to  reach  the 
organ  of  Corti.  They  terminate  as  minute  filaments  around 
the  bases  of  the  hair-cells  —  the  receptors  of  hearing.  The 
other  processes,  which  arise  from  the  opposite  poles  of  the  gan¬ 
glion  cells,  pass  centrally  with  the  vestibular  nerve  in  the  in¬ 
ternal  auditory  meatus  to  enter  the  medulla  oblongata;  here 
they  connect  with  nerve  cells  {cochlear  nuclei).  Secondary 
neurons  ascend  from  here  to  the  mid-brain  {medial  geniculate 
bodies) ;  from  there  a  third  set  of  neurons  passes  to  the  audi¬ 
tory  center  (see  Fig.  i3'-45)  iu  the  cortex  of  the  temporal  lobe 
of  the  cerebrum. 

Only  the  auditory  part  of  the  labyrinth  has  been  described 
in  the  foregoing  paragraphs.  The  inner  ear  contains,  also,  the 
semicircular  canals  and  otolithic  organs.  These,  which  have 
no  auditory  function,  will  be  described  later. 

The-  physiology  of  hearing.  The  structure  of  the  auditory 
apparatus  having  been  sketched,  we  are  in  a  position  to  under¬ 
stand  the  manner  in  which  the  energy  of  sound  waves  is  trans¬ 
mitted  to  the  auditory  receptors.  The  outer  and  middle  cars 
serve  merely  to  transmit  the  sound  waves  to  the  inner  car  in 
which  the  receptors  are  contained.  The  waves  set  up  in  the  air 
by  a  sounding  body  strike  the  ear  drum  and  set  it  into  vibration. 
In  man  the  pinna,  and  the  somewhat  funnel-like  shape  of  the 
auditory  meatus  have  only  a  slight  effect  in  concentrating  the 
Ipound  waves  upon  the  drum  membrane.  In  many  animals, 
however,  the  pinna  serves  an  important  function  in  this  regard, 
being  a  large  funnel-shaped  structure  which  can  be  turned  to¬ 
ward  the  source  of  the  sound. 

The  vibrations  set  up  in  the  tympanic  membrane  are  trans¬ 
mitted  across  the  middle  ear  by  the  auditory  ossicles.  The  head 
of  the  malleus  is  connected  to  the  body  of  the  incus  in  such  a 
way  that  a  movement  inward  or  outward  of  the  tympanic 
membrane  causes  a  corresponding  movement  of  the  handle  of 
the  malleus,  of  the  long  process  of  the  incus  and  of  the  foot¬ 
plate  of  the  stapes,  lodged  in  the  oval  window  between  the 
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middle  ear  and  the  scala  vestibuli  of  the  cochlea.  Thus,  move¬ 
ments  of  the  tympanic  membrane  are  transmitted  through  the 
ossicles  to  the  inner  ear.  The  series  of  inward  and  outward 
movements  of  the  foot-plate  of  the  stapes,  acting  like  a  plunger 
in  the  oval  window,  sets  up  corresponding  movements  in  the 
fluid  contents  of  the  scala  vestibuli.  These  movements  are 
transmitted  freely  through  Reissncr’s  membrane  to  the  fluid  in 
the  scala  media,  and  through  the  basilar  membrane  in  turn,  to 


Stapes  in  Oval  Window 


Bound  Window 


Fig.  13-46  Diagram  of  the  passages  of  the  cochlea  straightened  out  to 
show  the  manner  in  which  vibrations  are  transmitted  from  the  oval  to 
the  round  window  through  the  scala  media.  The  wavy  line  represents 
the  organ  of  Cord. 

the  scala  tympani  (Fig.  1^-46),  Thus,  each  time  the  foot-plate 
of  the  stapes  is  pressed  into  the  oval  window  the  basilar  mem¬ 
brane  moves  downward  and  pulls  upon  the  processes  of  the 
hair-cells  fixed  to  the  tectorial  membrane;  when  the  stapes 
moves  outward  the  tension  on  the  hair  cells  is  relieved.  Thus, 
by  a  series  of  mechanical  stimuli,  impulses  are  set  up  in  the 
terminals  of  the  auditory  nerve.  The  round  window,  situated 
between  the  scala  tympani  and  the  middle  ear,  permits  free 
movements  of  the  contents  of  the  inner  ear.  Since  liquids  are 
incompressible  no  movement  of  the  stapes  could  occur,  of 
course,  were  there  no  other  part  of  the  bony  wall  of  the  cochlea 
which  yielded  to  pressure. 

The  auditory  ossicles  are  connected  to  one  another  in  such 
a  way  as  to  constitute  a  small  lever  (see  Fig.  13-47).  The  han¬ 
dle  of  the  malleus,  attached  to  the  tympanic  membrane,  forms 
the  long  arm  of  the  lever;  the  long  process  of  the  incus  is  the 
short  arm.  The  long  arm  is  one  and  a  half  times  the  length 
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of  the  short  arm.  The  movement  of  the  long  process  of  the 
incus  (and  of^  the  stapes  with  which  it  connects)  is,  therefore, 
only  two  thirds  as  great  as  that  of  the  tympanic  membrane. 
We  should  expect,  on  the  other  hand,  that  the  force  exerted  by 
the  stapes  at  the  oval  window  would  be  one  and  a  half  times 
greater  than  that  applied  to  the  handle  of  the  malleus.  But,  on 
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Fig.  13-47  A  mechanical  mode!  illustrating  the  transmission  of  sound 
waves  through  the  middle  ear.  The  lever  represents  the  chain  of  audi¬ 
tory  ossicles. 


account  of  a  large  proportion  of  the  energy  being  lost  in  trans¬ 
mission  (due  to  inertia  of  the  ossicles  and  friction  of  the  air 
surrounding  them),  only  about  half  of  the  force  exerted  upon 
the  handle  of  the  malleus  reaches  the  oval  window.  However, 
the  area  of  the  tympanic  membrane  is  nearly  20  times  that 
of  the  oval  window;  this  fact  alone,  were  there  no  loss  of  energy 
in  transmission,  would  cause  the  force  concentrated  at  the  oval 
window  to  be  increased  twenty-fold  over  that  of  the  vibrations 
of  the  drum  membrane.  Now,  as  just  mentioned,  the  force 
transmitted  to  the  stapes  is  only  one  half  of  that  applied  to 
the  malleus;  the  net  magnification  of  the  force  exerted  by  the 
movements  of  the  foot-plate  of  the  stapes,  brought  about 
through  the  mechanism  of  the  middle  ear,  is,  therefore,  about 
ten. 
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The  appreciation  of  pitch  (discrimination  of  the  frequency 
of  the  sound  waves).  Sound  is  transmitted  from  a  vibrating 
body  to  the  ear  as  a  series  of  alternating  condensations  and 
rarefactions  of  the  atmosphere.  The  disturbance  in  the  air 
travels  as  a  succession  of  waves.  A  complete  wave  —  that  is 
from  the  crest  or  trough  of  one  wave  to  the  corresponding 
phase  of  the  other,  is  referred  to  as  a  double  vibration  (d.v.)  or 
a  cycle.  The  pitch  of  a  tone  depends  upon  the  frequency  of 
the  waves  —  that  is,  upon  the  number  of  double  vibrations  or 
cycles  reaching  the  ear  per  second.  For  example,  a  tuning  fork 
which  vibrates  at  a  frequency  of  100  d.v.  per  second  emits  a  note 
of  higher  pitch  (by  an  octave)  than  one  vibrating  at  50  d.v. 
per  second. 

Sounds  ranging  in  frequency  from  40  to  20,000  d.v.  per  sec¬ 
ond  are  audible  to  the  human  ear.  The  range  of  audible  fre¬ 
quencies  varies,  however,  between  individuals,  and  between 
different  species  of  animals.  The  cat,  for  example,  can  hear  the 
very  high-pitched  sounds  made  by  a  mouse,  which  are  usually 
quite  inaudible  to  human  ears.  The  bat  also  makes  a  cry  which, 
of  course,  can  be  heard  by  its  kind,  and  probably  also  by  other 
animals,  but  which  is  of  a  pitch  too  high  to  make  an  impression 
upon  the  human  ear. 

There  has  been  no  little  discussion  as  to  the  mechanism 
whereby  variations  in  the  frequency  of  the  sound  waves  striking 
the  ear  are  converted  into  messages  which  the  brain  interprets 
as  differences  in  pitch.  The  two  classical  theories  are  the  reso¬ 
nance  theory  of  Helmholtz  and  the  telephone  theory  of  Ruther¬ 
ford. 

The  resonance  theory  states  that  the  basilar  membrane,  like 
the  wires  of  a  piano,  is  a  scale  of  resonators.  If  the  dampers  of 
a  piano  are  raised  and  a  note  sung  near  it,  a  tone  of  the  same . 
pitch  is  given  out  by  the  instrument.  Those  wires  of  the 
piano  alone  vibrate  which,  if  struck,  would  themselves  have 
emitted  the  same  note.  This  well-known  phenomenon  is  called 
sympathetic  resonance.  The  basilar  membrane  contains  some 
24,000  fibers.  These  so-called  auditory  strings  increase  progres¬ 
sively  in  length  from  the  base  to  the  apex  of  the  cochlea.  Each 
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fiber,  or  a  group  of  fibers  of  a  given  length,  vibrates  in  unison, 
it  is  supposed,  with  vibrations  of  a  particular  frequency  trans¬ 
mitted  to  them  from  the  drum  membrane,  the  short  tense 
fibers  at  the  base  of  the  cochlea  to  high  notes,  and  the  longer, 
more  lax  fibers  at  the  apex  to  low  notes.  Of  course,  only  those 
hair  cells  overlying  the  fibers  which  are  set  into  sympathetic 
vibration  are  stimulated. 

The  resonance  theory,  therefore,  claims  that  the  analysis  of 
sound  is  a  function  of  the  cochlea,  the  particular  region  of  the 
latter  from  which  the  nerve  impulses  are  discharged  being  the 
sole  basis  upon  which  the  brain  rests  its  faculty  of  pitch  dis¬ 
crimination.  The  resonance  theory  is  supported  by  a  number 
of  facts,  (a)  When  the  ears  of  animals,  e.g.,  guinea  pigs  and 
rabbits,  are  subjected  to  prolonged  stimulation  by  a  loud  bigh- 
or  low-pitched  tone,  degenerative  changes  are  produced  in  the 
basal  or  the  apical  portion,  respectively,  of  the  organ  of  Corti. 
(b)  Boiler-makers  or  others  who  work  among  clanging  noises 
sometimes  become  deaf  to  high  tones  {boiler-maker’s  disease) ; 
the  organ  of  Corti  in  the  basal  turns  of  the  cochlea  is  found  to 
have  degenerated,  (c)  Destruction  of  the  apical  part  of  the 
cochlea  in  animals  results  in  deafness  to  tones  of  low  frequency, 
of  the  basal  part,  in  deafness  to  high  tones,  (d)  The  structure 
of  the  cochlea  itself  strongly  suggests  that  it  acts  as  a  resonator, 
and  recent  experimental  work  has  provided  direct  evidence  of 
such  a  function. 

When  the  ear  is  stimulated  by  a  sound,  the  vibrations  of  the 
organ  of  Corti  set  up  rhythmical  changes  in  electrical  potential 
within  the  cochlea  {W ever  and  Bray  e'ffeci).  When  amplified 
and  recorded  graphically,  these  are  found  to  have  exactly  the 
same  frequency  as  that  of  the  sound.  Indeed,  if  the  electrical 
currents  are  conducted  to  a  loud  speaker  the  original  sound  is 
faithfully  reproduced.  With  low  notes  the  potential  changes 
are  greatest  in  the  apical  turns  of  the  cochlea,  with  high  notes, 
in  the  basal  turns,  thus  demonstrating  clearly  the  resonating 
function  of  the  cochlea. 

But  the  electrical  effects  do  not  represent  nerve  impulses 
originating  in  the  terminals  of  the  cochlear  nerve;  they  are  due 
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to  movements  with  consequent  pressure  changes  in  the  ba^lar 
membrane  and  organ  o£  Corti  set  up  by  the  sound  waves.  The 
mechanical  energy  (pressure)  is  transformed  to  electrical  en¬ 
ergy —  a  piezo-electric  effect  (Gk.  piezo,  I  press). 

The  telephone  or  frequency  theory.  In  a  telephone  system 
the  transmitting  instrument  converts  the  sound  waves  into 
electrical  impulses  of  the  same  frequency.  Upon  reach^mg  the 
receiver,  the  electrical  impulses  set  up  vibrations  which  re¬ 
produce  the  original  sound.  The  telephone  theory  of  hearmg 
postulates  that  the  basilar  membrane  does  not  vibrate  selectively 
in  the  manner  demanded  by  the  resonance  theory,  but  as  a 
whole,  in  unison  with  the  vibrations  transmitted  to  it  frorn  the 
drum  membrane.  The  frequency  of  the  impulses  resulting 
from  the  stimulation  of  the  hair-cells  corresponds  with  that  of 
the  vibrations  of  the  basilar  membrane,  and,  consequently,  with 
that  of  the  sound  waves. 

The  telephone  theory  claims,  therefore,  that  the  cochlea  pos¬ 
sesses  no  power  of  sound  analysis,  arid  that  such  is  purely  a 
function  of  the  brain,  the  frequency  of  the  impulses  received  by 
the  auditory  center  being  the  basis  for  the  discrimination  of 

^  The  telephone  theory  as  originally  proposed  is  faced  with  the 
obiection  that  the  maximum  frequency  at  which  impulses  can 
be  transmitted  by  a  nerve  fiber  is  about  i,ooo  per  second, 
whereas,  sounds  with  frequencies  up  to  20,000  d.v.  per  second 
are  audible.  But  the  auditory  nerve  consists,  of  course,  of  a 
large  number  of  fibers,  and  it  has  been  proposed  that  the  im¬ 
pulses  are  discharged  over  the  separate  fibers,  not  synchro¬ 
nously,  but  in  a  scattered  volley.  That  is,  some  fibers  are  in 
their  refractory  phase  (p.  519)  while  others  are  conducting. 
Thus,  it  is  possible  for  a  group  of  fibers  to  transmit  impulses 
in  “  broken  step  ”  at  frequencies  as  high  as,  or  even  higher  than 
20,000  per  second.  Nevertheless,  the  volley  theory,  as  this  am¬ 
plification  of  the  telephone  theory  is  called,  does  not  fit  all  the 
facts;  it  fails  to  explain  the  appreciation  of  tones  having  a  vibra¬ 
tion  frequency  higher  than  about  3,000  per  second.  For  ex¬ 
ample,  the  action  potentials  set  up  by  a  sound  and  recorded 
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(see  p.  513)  from  the  auditory  tracts  in  the  brain  have  exactly 
the  same  frequency  as  that  of  the  sound  up  to  1,000  d.v.  per 
second.  Between  1,000  and  2,000  d.v.  per  second,  one  impulse 
occurs  for  every  two  sound  vibrations,  and  one  for  every  three 
between  2,000  and  3,000  d.v.  per  second.  At  higher  frequencies 
(between  3,000  and  20,000  d.v.  per  second)  there  is  no  relation¬ 
ship. 

As  a  general  theory  of  pitch  discrimination  the  telephone  or 
frequency  theory  is  unsatisfactory.  The  resonance  or  harp 
theory  is  now  generally  accepted.  To  summarize:  The  cross 
fibers  or  “  strings  ”  of  the  basilar  membrane,  according  to  the 
principle  of  sympathetic  resonance,  vibrate  at  different  levels 
of  the  cochlea  as  determined  by  the  frequency  of  the  sound 
waves  reaching  the  internal  ear.  Thus,  the  short  tense  fibers 
in  the  basal  turns  vibrate  in  unison  or  “  sympathy  ”  with  sound 
waves  of  high  frequency  (high-pitched  or  treble  tones);  the 
longer  fibers  at  the  apex  respond  to  sound  waves  of  low  fre¬ 
quency  (low-pitched  or  bass  tones).  The  basilar  fibers  be¬ 
tween  these  two  extremes  vibrate  to  tones  of  intermediate  pitch 
from  treble  to  bass.  The  vibrations  of  the  fibers  at  any  particu¬ 
lar  level  of  the  basilar  membrane  stimulate  the  auditory  re¬ 
ceptors,  and  thus  set  up  impulses  in  the  nerve  terminals  in  the 
hair  cells  at  that  place  alone.  The  modern  resonance  theory  is, 
therefore,  also  spoken  of  as  the  place  theory.  Just  as  we  know 
at  once  the  precise  spot  on  the  skin  which  is  stimulated  when 
we  feel  a  touch  at  that  spot,  so  we  are  able  to  discriminate  be¬ 
tween  impulses  arising  from  the  different  levels  of  the  basilar 
membrane.  But  the  actual  stimulated  place  in  the  basilar  mem¬ 
brane  is  not  perceived  as  we  perceive  the  position  of  a  stimu¬ 
lated  point  on  the  skin.  The  different  levels  of  stimulation  are 
interpreted  by  the  brain  as  differences  in  pitch.  Such  localiza¬ 
tion  is  possible  because  each  and  every  level  of  the  cochlea  is 
connected  by  nerve  fibers  with  a  particular  group  of  nerve  cells 
arranged  in  regular  order  in  the  auditory  center  — that  is,  in 
the  cortex  of  the  temporal  lobe  of  the  cerebrum  (see  Fig.  13-48). 
In  other  words,  each  point  upon  the  basilar  membrane  is  rep¬ 
resented  by  a  corresponding  point  in  the  cerebral  cortex. 
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Intensity  and  loudness  of  sound.  The  power  transmitted 
through  the  atmosphere  from  a  sounding  body  is  referred  to 
as  the  intensity  of  the  sound.  Sound  intensity  is  expressed  as 
the  quantity  of  energy,  in  microwatts,  passing  per  second 
through  an  area  of  one  square  centimeter.  The  greater  the 


Fig.  13-48  Showing  the  representation  of  the  cochlea  upon  the  cortex 
of  the  temporal  lobe  of  the  cerebrum,  in  illustration  of  the  “  place  the¬ 
ory  ”  of  hearing. 


intensity  of  the  sound  the  greater,  of  course,  will  be  the  ampli¬ 
tude  of  the  movements  of  the  drum  membrane  and,  generally 
speaking,  the  louder  will  be  the  sound.  But  the  ear  does  not 
possess  the  same  sensitivity  at  all  frequencies.  Within  the 
range  of  from  1,000  to  2,000  d.v.  per  second  the  lowest  inten¬ 
sity  {intensity  threshold)  is  required  to  arouse  an  auditory 
sensation,  and  a  sound  of  any  given  intensity  is  loudest.  The  sen¬ 
sitivity  of  hearing,  i.e.,  the  loudness  of  a  sound  of  a  given  inten¬ 
sity,  diminishes  progressively  as  the  frequency  is  increased  above 
2,000  d.v.  per  second  or  reduced  below  1,000  d.v.  per  second 
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(see  Fig.  13-49)-  other  words,  the  threshold  of  hearing  is 
lowest  for  sounds  with  frequencies  around  2,000  d.v.  per  sec¬ 
ond.  It  will  be  appreciated  from  these  remarks  that  intensity 
and  loudness  are  not  synonymous  terms.  The  intensity  of 
sound  is  an  absolute  physical  value,  whereas  the  loudness  of 
sound  is  a  matter  of  auditory  perception. 


Fig.  i3“49  Chart  showing  the  thresholds  of  hearing 
and  feeling  of  sound  at  different  frequencies.  (After 
Wegel.) 


As  the  intensity  of  the  sound  increases,  other  sense  organs 
than  those  of  hearing  are  stimulated.  We  feel  the  sound,  and, 
if  very  intense,  it  arouses  the  sensation  of  pain.  For  example, 
the  report  of  a  rifle  fired  at  a  distance  is  heard,  but  at  short 
range  is  felt  as  well,  and  if  too  close  to  the  ear  causes  pain.  It 
will  be  seen  from  the  chart  in  Figure  13-49  ^bat,  in  contrast  to 
that  of  hearing,  the  threshold  of  feeling  is  highest  at  frequen¬ 
cies  around  500  d.v.  per  second. 

Defective  hearing,  deafness.  Deafness  is  a  rather  indefinite 
term,  but  is  usually  taken  to  mean  defective  hearing  of  such  a 
degree  that  ordinary  conversation  cannot  be  heard  distinctly 
and  without  difficulty.  It  varies  greatly  in  degree  from  dull¬ 
ness  of  hearing,  the  subject  being  unable  to  recognize  words 
spoken  by  another  in  his  usual  voice,  to  complete  loss  of  hear¬ 
ing.  As  a  rule,  the  hearing  defect  is  not  equal  for  tones  of 
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every  pitch.  In  some  types  of  deafness,  hearing  loss  affects, 
mainly  or  solely,  the  higher  sound  frequencies,  in  others,  the 
lower  frequencies. 

Classification  of  deafness.  There  are  three  main  types  of 
deafness  called,  respectively,  transmission  deafness,  perceptive 
or  nerve  deafness,  and  central  deafness.  Any  condition  of  the 
external  or  middle  ear  which  prevents  the  sound  waves  from  be¬ 
ing  transmitted  without  interference  is  called  transmission  deaf¬ 
ness.  Thus  inflammation,  with  destruction  of  the  structures  of 
the  middle  ear,  plugging  of  the  outer  ear  with  wax,  or  closure 
of  the  Eustachian  tube,  will  cause  some  degree  of  deafness. 
Fixation  of  the  foot-plate  of  the  stapes  in  the  oval  window  by 
hardened  tissue,  blocks  the  transmission  of  the  sound  waves 
to  the  cochlea  and  is  not  a  very  infrequent  cause  of  deafness. 
When  the  Eustachian  tube  is  blocked,  the  middle  ear  becomes 
an  hermetically  sealed  cavity.  The  air  within  it  soon  becomes 
absorbed  and,  as  a  consequence,  the  pressure  on  the  inner  side 
of  the  drum  membrane  is  much  less  than  that  of  the  atmo-s- 
phere.  The  membrane  is  pushed  inward  against  the  inner  bony 
wall  of  the  middle  ear  and  therefore  cannot  vibrate  freely. 
Temporary  blockage  of  the  Eustachian  tube  often  occurs  with 
a  cold,  as  a  result  of  swelling  of  its  lining  mucous  membrane. 
Inequality  of  pressure  on  the  two  sides  of  the  drum  membrane 
is  brought  about  also,  in  a  somewhat  different  way,  in  aero¬ 
plane  descents.  The  middle  ear  is  filled  with  air  at  the  lower 
pressure  of  the  atmosphere  at  the  high  altitude;  when  the 
plane  reaches  the  ground,  the  atmospheric  pressure  at  this  level, 
being  much  higher,  pushes  the  drum  membrane  inward.  This 
event  is  usually  guarded  against  by  chewing  gum  during  the 
descent  which,  since  it  stimulates  salivary  secretion,  induces 
swallowing,  which  in  turn  opens  the  mouth  of  the  Eustachian 
tube  in  the  pharynx  and  permits  air  to  enter  the  middle  ear 
from  time  to  time,  and  thus  to  maintain  equal  pressures  on  the 
two  sides  of  the  drum  membrane. 

If  descent  from  a  high  altitude  is  made  too  rapidly,  and  swal¬ 
lowing  fails  to  allow  air  to  enter  the  Eustachian  tube,  rupture 
of  the  ear  drum  may  occur,  for  the  higher  outside  pressure  is 
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unable  to  force  air  upward  into  the  middle  ear  through  the 
closed  pharyngeal  end  of  the  tube. 

In  rapid  aeroplane  ascents,  on  the  other  hand,  the  higher 
pressure  within  the  middle  ear  is  reduced  from  time  to  time  by 
the  air  forcing  open  the  sphincter  muscle  around  the  opening 
of  the  Eustachian  tube.  In  other  words,  the  sphincter  can  be 
forced  from  within  but  not  from  without. 

Perception  deafness  is  due  to  disease  or  injury  of  the  cochlear 
structures  or  of  the  acoustic  nerve  itself. 


Fig.  13-50  An  audiogram. 
The  shaded  area  indicates 
the  area  over  which  hear¬ 
ing  is  defective. 


PITCH 


Central  deafness  is  caused  by  a  lesion,  e.g.,  a  tumor,  abscess, 
or  injury  of  the  auditory  tracts  or  of  the  auditory  cortical  cen¬ 
ters. 

Testing  defective  hearing.  Hearing  is  tested  in  a  room  as 
nearly  silent  as  possible  by  means  of  a  series  of  tuning  forks  of 
graded  vibration  frequencies  held  at  varying  distances  from  the 
subject’s  ear.  Or  an  instrument  known  as  an  audiometer  is  used, 
by  means  of  which  tones  are  produced  electrically  which  can 
be  very  precisely  varied  as  to  pitch  and  intensity.  The  results 
are  plotted  on  graph  paper  similar  to  that  shown  in  Figure 
13-50.  Such  a  record  is  called  an  audiogram. 

The  non-auditory  part  of  the  labyrinth  —  the  organ  of  equi¬ 
librium.  The  inner  ear  contains  another  organ  besides  the 
cochlea,  consisting  of  three  semicircular  canals  and  two  small 
sacs,  called,  respectively,  the  utricle  and  the  saccule.  The  semi¬ 
circular  canals  and  the  utricle  have  no  auditory  function,  being 
concerned  solely  with  the  maintenance  of  the  equilibrium  of 
the  body  (see  Fig.  13-51). 
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The  semicircular  canals  are  membranous  tubes  filled  with 
fluid  known  as  the  endolymph.  They  are  contained  within 
semicircular  tunnels  in  the  temporal  bone  —  the  osseous  canals 
—  but  separated  from  the  bone  by  perilymph.  The  three  canals 
lie  approximately  at  right  angles  to  one  another,  one  in  each  of 
the  three  dimensions  of  space.  Two  canals  are  vertical,  one 


Fig.  13-51  Diagram  of  the  right  membranous  labyrinth.  U,  utricle,  into 
which  the  three  semicircular  canals  open;  S,  saccule,  communicating 
with  the  cochlea  (C)  by  C.R.,  the  canalis  reuniens,  and  with  the  utricle 
by  a  canal  having  on  it  an  enlargement,  the  saccus  endolymphaticus 
(SE),  The  black  areas  represent  the  terminations  of  the  acoustic  or 
auditory  nerve,  namely,  in  the  maculae  of  the  utricle  and  saccule  and 
in  the  ampullae  of  the  semicircular  canals  (vestibular  division  of  the 
acoustic  nerve),  and  in  the  whole  length  of  the  cochlea  (cochlear  divi¬ 
sion  of  the  acoustic  nerve).  (After  Schafer.) 

horizontal.  The  two  vertical  canals  are  placed  diagonally  in 

relation  to  the  antero-posterior  diameter  of  the  skull;  the  con¬ 
vexity  of  one  is  directed  outward  and  backward,  of  the  other 
outward  and  forward  (see  Fig.  135-52),  and  of  the  horizontal 
canal,  outward.  One  end  of  each  canal  is  dilated  into  a  fusi¬ 
form  swelling  called  the  ampulla.  A  small  elevation,  called  the 
crista,  is  situated  in  each  of  the  three  ampullae.  This  is  com¬ 
posed  of  cells  with  bristle-like  processes  —  the  hair  cells  —  sur¬ 
mounted  by  a  cap  of  gelatinous  material  called  the  cupula.  The 
cristae  are  the  sense  organs  (proprioceptors)  of  the  canals. 
Both  ends  of  each  canal  open  into  the  utricle. 

The  utricle  and  saccule  are  oval  membranous  sacs  measuring 
(in  man)  about  one  eighth  of  an  inch  in  their  longest  diameters. 
They  are  contained  within  an  oval  cavity  in  the  bone,  called 
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the  vestibule,  situated  between  the  cochlea  and  the  semicircu¬ 
lar  canals.  The  utricle,  as  just  mentioned,  communicates  with 
the  semicircular  canals,  the  saccule  connects  through  a  narrow 
canal  with  the  scala  media  of  the  cochlea.  The  utricle  and  sac¬ 
cule  are  indirectly  connected  through  a  narrow  Y-shaped  tube 
(Fig.  13-50).  The  entire  membranous  labyrinth,  auditory  and 
nonauditory,  thus  forms  a  continuous  system  of  communicating 
passages  and  chambers.  The  utricle  and  saccule  each  contains 
a  sense  organ  called  the  macula;  this  is  a  plaque  of  hair-cells 


Fig.  13-52  Showing  the  positions 
of  the  semicircular  canals  in  rela¬ 
tion  to  the  vertical  planes  (antero¬ 
posterior  and  transverse)  of  the 
skull  I,  horizontal  canals;  2,  pos¬ 
terior  vertical  canals;  3,  anterior 
vertical  canals. 


covered  by  a  layer  of  a  gelatinous  substance.  Adherent  to  the 
latter  are  a  number  of  crystals  of  carbonate  of  lime,  known  as 
otoliths  (ear-stones)  or  otoconia  (ear-dust). 

The  pathway  for  impulses  from  the  semicircular  canals.  Im¬ 
pulses  from  this  part  of  the  labyrinth  are  carried  by  fibers  of 
the  vestibular  nerve  —  the  other  division  of  the  acoustic  nerve. 
Its  fibers,  like  those  of  the  cochlear  nerve,  are  in  two  sets,  pe¬ 
ripheral  and  central,  and  are  processes  of  cells  in  the  vestibular 
{Scarpa’s)  ganglion  which  forms  a  swelling  on  the  nerve  at 
the  bottom  of  the  internal  auditory  meatus.  The  peripheral  Set 
of  fibers  ends  around  the  bases  of  the  sensitive  hair-cells  of  the 
semicircular  canals,  utricle,  and  saccule.  The  central  processes 
(fibers)  of  the  ganglion  cells  connect  with  groups  of  cells  {ves¬ 
tibular  nuclei)  in  the  medulla  oblongata.  Some  of  these  sec¬ 
ondary  neurons  carry  the  impulses  to  the  cerebellum;  other 
neurons  convey  the  impulses  to  the  anterior  horn  cells  of  the 
spinal  cord  (see  Fig.  13-53).  The  axons  of  the  latter  constitute 
the  vestibulospinal  tract  (p.  581). 
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The  functions  of  the  semicircular  canals.  If  a  frog  is  rotated 
rapidly  on  a  turntable,  the  limbs  on  the  side  toward  which  the 
movement  is  made  are  extended;  the  limbs  of  the  opposite  side 
are  flexed,  and  the  head  turned  toward  this  side  (see  Fig.  13-54). 
Thus  displacement  of  the  body  is  prevented.  If  the  table  is 


SEMICIRCULAR 

CANALS 


Fig.  13-53  pathway  for  the  transmission  of  impulses  from  the 

semicircular  canals.  The  vestibular  ganglion  appears  as  a  swelling  upon 
the  vestibular  nerve  as  it  lies  in  the  internal  auditory  meatus. 


tilted  forward,  the  animal  avoids  being  thrown  upon  its  face 
by  extention  of  its  forelimbs;  a  backward  tilt  causes  extension 
of  the  hind  limbs;  and  tilting  laterally  is  followed  by  extension  of 
the  limbs  on  the  corresponding  side,  accompanied  by  flexion 
of  the  opposite  pair  of  limbs.  These  reflex  reactions,  whereby 
the  animal  resists  being  upset  from  its  “  normal  ”  position  by 
some  unusual  movement,  are  the  result  of  stimulation  of  the 
end  organs  of  the  semicircular  canals.  Impulses  initiated  in 
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the  cristae  are  transmitted  to  the  vestibular  nuclei  in  the  me¬ 
dulla  oblongata,  and  thence  relayed  to  the  cerebellum,  and  by 
the  vestibulospinal  tracts  to  the  cord.  The  reactions  resulting 
from  rotation  in  the  horizontal  plane  are  due  to  stimulation  of 
the  horizontal  pair  of  canals ;  those  caused  by  tilting  forward  or 
backward,  or  laterally  (i.e.,  by  a  rotary  movement  in  the  plane, 
approximately,  of  one  or  other  pair  of  vertical  canals),  are  due 
to  stimulation  of  the  cristae  of 
the  corresponding  canals.  The 
movement  causes  a  mechanical 
stimulus  to  be  applied  to  the 
hair  cells  of  the  cristae.  When 
the  head  is  rotated  in  the  plane 
of  one  or  other  pair  of  canals,  the 
endolymph,  owing  to  its  inertia, 
exerts  a  momentary  pressure 
upon  the  hair  cells  of  the  canal 
on  the  side  away  from  which  the 
rotation  is  made.  For  the  same 
reason,  the  pressure  upon  the 
hair  cells  of  the  canal  of  the  op¬ 
posite  ear  is  reduced.  The  ef¬ 
fects  upon  the  two  ears,  though  opposite  in  nature,  act  con¬ 
jointly  in  initiating  the  reflex  muscular  movement. 

Stimulation  of  the  semicircular  canals  also  causes  movements 
of  the  eyes.  When,  for  example,  a  person  is  rotated  rapidly 
with  the  head  erect,  i.e.,  approximately  in  the  plane  of  the  hori¬ 
zontal  canals,  the  eyes  are  observed  to  make  a  series  of  rhyth¬ 
mical  side  to  side  movements  after  the  rotation  has  ceased. 
These  to  and  fro  movements,  which  are  termed  nystagmus,  are 
due  to  the  momentum  of  the  endolymph.  That  is,  the  endo¬ 
lymph  movement  continues  for  an  instant  after  the  rotation  of 
the  head  has  ceased,  and  thus  exerts  pressure  upon  the  crista  of 
the  canal  on  one  side  (see  Fig.  13-55)  5 pressure  on  the  hair 
cells  of  the  canal  of  the  opposite  ear  is  diminished.  It  is  clear 
that  the  effects  following  rotation  will  be  the  reverse  of  those 
during  rotation.  If  the  head  is  bent  forward,  backward,  or  onto 


Fig.  13-54  Position  taken 
up  by  a  frog  during  rota¬ 
tion  to  the  left.  (After 
Ewald.) 
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one  shoulder  during  the  rotation,  the  vertical  canals  are  stimu¬ 
lated.  The  nystagmus  which  follows  rotation  in  these  positions 
of  the  head  is  not  horizontal;  the  eyes  move  either  up  and  down 
(vertical  nystagmus)  or  show  a  rotary  movement  (rotary  nys¬ 
tagmus),  according  to  which  particular  pair  of  vertical  canals 
were  in  the  plane  of  the  rotation. 


13-55  Showing  endolymph  movement  during  and  after  rotation. 
Upper  drawing,  during  rotation,  large  arrows  indicate  the  direction  of 
rotation,  small  arrows  the  endolymph  movement.  Lower  drawing, 
after  rotation.  (After  Best  and  Taylor,  The  Physiological  Basis  of  Medi¬ 
cal  Practice) 

Other  effects  follow  stimulation  of  the  semicircular  canals 
by  a  rapid  rotary  motion.  Everyone  is  familiar  with  the  sen¬ 
sation  of  dizziness  or  verttgo,  and  the  staggering  gait,  which 
result  from  spinning  (stimulation  of  horizontal  canals).  A 
more  pronounced  disturbance  of  the  equilibrium  sense  follows 
stimulation  of  the  vertical  canals;  this  may  be  demonstrated 
simply  upon  oneself  by  bending  over,  so  as  to  bring  the  head 
and  neck  into  the  horizontal  plane,  and  then  circling  a  few 
times  around  a  mark  on  the  ground.  Impulses  set  up  in  the 
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canals  may  travel  over  efferents  of  the  autonomic  nervous  sys¬ 
tem  causing  such  reflex  effects  as  nausea  and  vomiting,  dilata¬ 
tion  of  the  pupil,  sweating,  pallor,  and  a  fall  in  blood  pressure. 
Seasickness  is  due  mainly  to  stimulation  of  the  vertical  canals 
by  the  pitch  and  roll  of  the  ship,  i.e.,  by  rotary  movements  in  a 
vertical  plane. 

The  functions  of  the  utricle.  Whereas  the  receptors  of  the 
semicircular  canals  respond  to  movements  of  the  head,  the  posi¬ 
tion  of  the  head  is  the  factor  responsible  for  excitation  of  the 
hair  cells  of  the  utricular  maculae.  The  canals  are  organs  of 
kinetic  sense,  the  utricles  of  static  sense.  Two  types  of  equi¬ 
librium  reactions  —  the  righting  and  attitudmal  reflexes  —  are 
dependent  upon  the  utricles. 

The  righting  reflexes.  When  an  animal  is  placed  upon  its 
back  it  immediately  rights  itself.  The  head  is  first  brought  into 
its  “normal”  position  in  space  by  a  contraction  of  the  neck 
muscles,  the  body  follows,  being  brought  into  its  normal  rela¬ 
tionship  with  the  head  by  contractions  of  the  trunk  and  limb 
muscles.  The  movement  of  the  neck  muscles,  whereby  the  head 
is  righted,  is  dependent  upon  the  sense  organ  of  the  utricle;  it  is, 
therefore,  called  the  labyrinthine  righting  reflex;  its  center  is  in 
the  mid-brain.  When  the  head  is  in  the  wrong  position,  mouth 
looking  upward,  the  otoliths  adhering  to  the  maculae  hang 
downward ;  the  tension  which  their  weight  exerts  upon  the  hair 
cells  acts  as  a  stimulus  to  the  sensitive  hair  cells.  The  move¬ 
ment  of  the  neck  stimulates,  in  turn,  proprioceptors  in  the  neck 
muscles,  through  which  the  reflex  righting  movements  of  the 
trunk  and  limbs  are  initiated.  These  movements  of  the  trunk 
and  limb  muscles,  caused  by  stimulation  of  proprioceptors  in 
the  neck  muscles,  are  termed  neck  reflexes.  Their  center  is 
situated  in  the  upper  cervical  segments  of  the  spinal  cord. 

The  importance  of  the  righting  reflexes  in  man  is  evident  if 
one  considers  how  a  swimmer  after  diving  into  deep  water 
orients  himself  without  difficulty  and  rises  to  the  surface.  The 
other  senses,  e.g.,  vision  or  touch,  can  give  him  little  or  no 
information  of  his  position  in  space.  He  relies  upon  his  utricles 
to  bring  his  head  “  right  side  up.”  Deaf  mutes  whose  laby- 
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rintlis  as  a  whole  are  not  developed  run  a  grave  risk,  even 
though  they  be  good  swimmers,  if  plunged  into  deep  water. 

Attitudinal  reflexes.  When  a  decerebrate  animal,  with  its 
neck  immobilized  in  a  plaster  cast  (in  order  to  exclude  the  neck 
reflexes)  is  placed  in  different  positions,  variations  in  the  tone 
of  the  limb  muscles  will  be  observed.  When  the  animal  is 
placed  back  down  with  the  cleft  of  the  mouth  at  an  angle  of 


Fig.  13-56  Diagrammatic  representation  ot  tlie  po¬ 
sitions  of  an  animal’s  head,  each  marked  with  the 
angle  which  the  labial  cleft  makes  with  the  horizon¬ 
tal  plane.  (After  Magnus.) 

45°  above  the  horizontal  plane,  the  tone  of  the  muscles  of  all 
four  limbs  is  maximal;  in  the  opposite  position  (feet  down  with 
mouth  cleft  at  45°  below  the  horizontal  plane)  the  tone  of  the 
muscles  is  minimal.  In  positions  of  the  head  between  these  two 
extremes,  gradations  in  muscle  tone  result,  in  accordance  with 
the  position  of  the  head  in  relation  to  the  horizontal  plane  (Fig. 
13-56).  These  tonus  reactions  are  the  result  of  variations  in  the 
activity  of  the  utricular  proprioceptors  (maculae).  The  sense 
organs  are  stimulated  most  strongly  when  the  otoliths  are  hang¬ 
ing  from  the  maculae,  i.e.,  when  the  animal  is  on  its  back  or 
on  its  feet  with  snout  pointing  upward  (neck  extended);  when 
the  otoliths  are  resting  upon  the  maculae,  i.e.,  with  snout  point¬ 
ing  downward  (neck  flexed)  the  hair  cells  are  not  stimulated. 
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The  tone  of  the  limb  muscles  is  also  influenced  reflexly  by 
movements  of  the  neck  muscles.  When  the  neck  is  extended 
the  tone  of  the  extensor  muscles  of  the  forelimbs  is  increased, 
while  the  extensor  tone  of  the  hind  limbs  is  reduced.  Flexion 
of  the  neck  causes  the  reverse  effects,  namely,  decreased  tone  of 
the  forelimb  extensors  together  with  increased  tone  of  the  ex¬ 
tensors  of  the  hind  limbs.  The  neck  reflexes  are  studied  best 


Fig..  13-57  Photographs  ot  a  normal  cat,  showing  the  animal’s  posture 
{on  left)  when  its  attention  is  attracted  by  an  object  placed  above  it 
Photograph  of  the  same  animal  {on  right)  when  its  attention  is  drawn 
to  an  object  below  it  The  difference  between  the  two  positions  of  the 
forelimbs  is  very  marked,  because  in  them  the  neck  and  labyrinthine 
reflexes  reinforce  one  another;  the  difference  in  the  position  of  the  hind 
limbs  is  not  so  great,  since  the  two  sets  of  reflexes  oppose  one  another. 
(After  Magnus.) 

after  the  vestibular  nerves  have  been  severed  and  the  utricular 
reflexes  thus  abolished. 

Though  the  attitudinal  reflexes  are  most  readily  demon¬ 
strated  in  the  decerebrate  preparation,  they  constitute  an  im¬ 
portant  mechanism  controlling  the  posture  of  the  normal  ani¬ 
mal.  Otolithic  and  neck  reflexes  co-operate  to  facilitate  various 
postural  adjustments.  When  a  cat,  for  example,  turns  its  head 
to  look  upward  at  a  piece  of  food  on  a  shelf,  the  otolithic  organ 
is  stimulated  with  a  consequent  tendency  for  the  extensor  tone 
of  all  four  limbs  to  increase.  The  neck  reflex  initiated  by  the 
extension  of  the  neck  reinforces  the  otolithic  influence  on  the 
forelimbs;  but  the  effect  of  the  neck  movement  upon  the  hind 
limbs  is  the  reverse  of  that  of  the  utricle.  The  influence  of  the 
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neck  movement  upon  the  hind  limbs,  however,  predominates 
so  that  the  animal  assumes  a  sitting  posture  with  forelimbs  ex¬ 
tended  and  hind  limbs  flexed.  On  the  other  hand,  when  the 
animal  lowers  its  head  to  look  beneath  a  cupboard,  the  oto¬ 
lithic  influence  reduces  the  extensor  tone  in  all  four  limbs;  but 
the  neck  movement,  though  it  also  reduces  the  extensor  tone  of 

the  forelimbs,  and  thus  acts  in 
conjunction  with  the  labyrin¬ 
thine  effect,  antagonizes  and 
predominates  over  the  labyrin¬ 
thine  influence  upon  the  hind 
limbs.  The  animal,  therefore, 
assumes  an  attitude  with  flexed 
forelimbs  and  extended  hind 
limbs  —  an  appropriate  posture 
of  the  body  for  that  particular 
position  of  the  head  (see  Fig. 
13-57)- 


Fig.  13-58  A  taste  bud.  A,  taste 
fibers;  B,  taste  pore. 


Taste 

Smell  and  taste  are  chemical  senses  —  that  is,  the  receptors 
(chemoreceptors)  respond  to  chemical  stimuli.  In  order  for  a 
substance  to  arouse  the  sensation  of  taste,  it  must  first  be  dis¬ 
solved —  either  taken  in  solution  or  dissolved  in  the  saliva;  a 
solid  placed  in  a  perfectly  dry  mouth  cannot  be  tasted. 

The  organs  and  nerves  of  taste.  The  surface  of  the  tongue 
is  beset  with  numerous  small  projections  of  the  mucous  mem¬ 
brane,  called  papillae.  The  papillae  at  the  edges,  tip,  and  an¬ 
terior  two  thirds  of  the  tongue’s  surface  are  minute  conical  or 
mushroom-shaped  structures.  They  give  a  velvety  character 
to  this  part  of  the  lingual  mucosa.  The  posterior  third  of  the 
surface  of  the  tongue  is  rougher,  due  to  the  presence  of  much 
larger  papillae.  These  are  of  peculiar  construction;  each  is 
surrounded  by  a  groove,  and  beyond  the  groove  by  a  ridge, 
the  whole  structure  resembling  a  little  squat  tower  encircled 
by  a  moat.  From  this  appearance  they  have  received  the 
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name  of  the  circumvallate  papillae.  See  the  illustration  in 
Plate  15  A. 

Embedded  in  the  covering  of  the  papillae  (both  large  and 
small  types)  are  groups  of  slender  cells  provided  with  hair-like 
processes,  packed  lengthwise  into  bundles.  The  cells  are  the 
receptors  of  taste,  the  bundles  which  they  compose  are  called 
taste  buds  (Figs.  13-58  and  13-59).  Each  ceil  receives  a  fila¬ 
ment  from  one  of  the  nerves  of  taste.  The  taste  bud  opens 
upon  the  surface  of  the  papilla  through  a  small  pore.  The  ends 
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P'ig-  I3"59  Section  of  a  circumvallate  papilla  of  the  tongue.  A  taste 
bud  is  shown  enlarged  in  Figure  13-58. 


of  the  cells  converge  toward  this  point  where  their  processes 
become  massed  together.  Substances  in  solution  enter  the  pores 
and  act  as  chemical  stimuli. 

The  fundamental  sensations  of  taste  are  four  in  number, 
sweet,  bitter,  sour,  and  salty;  two  others,  namely,  al\aline  and 
metallic  tastes,  are  sometimes  included  with  these.  The  various 
other  tastes  which  we  experience  are  due  (a)  to  the  blending 
of  some  one  or  other  of  the  fundamental  sensations,  or  (b)  to 
the  combination  of  the  latter  with  sensations  caused  by  the 
stimulation  of  the  ordinary  nerves  of  the  mouth.  For  ex¬ 
ample,  ginger  is  recognized  not  only  by  its  actual  taste  (i.e., 
by  the  stimulation  of  the  taste  buds)  but  from  the  burning  sen¬ 
sation  which  results  from  excitation  of  the  ordinary  sensory 
nerves  of  the  mouth.  Oils  are  unpleasant  to  take,  largely  be¬ 
cause  of  their  “  feel.”  Acetic  and  many  other  acids,  as  well  as 
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having  a  sour  taste,  give  rise  to  an  astringent  or  burning  sen¬ 
sation  which  is  confused  in  consciousness  with  taste. 

Many  of  the  finer  flavors  are  in  reality  sensations  of  smell 
(p.  705),  and  smell  enters  largely  into  the  many  sensations 
which  we  attribute  generally  to  taste.  For  this  reason,  when 
the  nose  is  held  or  the  nasal  mucous  membrane  is  inflamed, 
as  by  an  ordinary  cold,  the  sense  of  taste  seems  blunted.  On 
the  other  hand,  certain  substances  which  we  think  we  detect 
by  smell  are  actually  recognized  by  the  sense  of  taste.  The 
sweetish  smell  of  chloroform  is  an  example,  the  vapor  reaching 
the  taste  buds  in  the  inspired  air. 

The  four  fundamental  taste  sensations  are  not  aroused  with 
equal  intensity  over  all  parts  of  the  surface  of  the  tongue.  Each 
type  of  taste  sensation  is  served  by  its  own  kind  of  taste  bud. 
Taste  receptors  sensitive  to  sweetness  and  to  saltiness  are  most 
numerous  at  the  tip  and  forepart  of  the  tongue,  whereas  those 
responding  to  sourness  are  found  along  the  edges  (PL  15  A). 
The  taste  buds  causing  a  bitter  sensation  are  scattered  over  the 
back  of  the  tongue  and  epiglottis.  A  bitter-sweet  substance, 
such  as  sodium  salicylate,  when  first  taken  into  the  mouth  tastes 
sweet,  the  bitter  element  being  noticeable  only  after  the  sub¬ 
stance  has  passed  over  the  posterior  part  of  the  tongue.  Little 
or  no  sensation  of  taste  can  be  aroused  from  the  central  portion 
of  the  tongue’s  surface. 

The  sense  of  taste  is  much  less  sensitive  than  the  sense  of 
smell.  Sweetness,  for  example,  is  detected  in  a  dilution  of  i  part 
in  200,  saltiness  (common  salt)  i  part  in  400,  sourness  (hy¬ 
drochloric  acid)  I  part  in  130,000,  and  bitterness  (quinine) 
I  part  in  2,000,000. 

The  chief  nerves  of  taste  are  the  chorda  tympani  branch  of 
the  facial  nerve,  and  the  glossopharyngeal  nerve."’  The  chorda 
tympani  supplies  taste  fibers  to  the  anterior  two  thirds  of  the 
tongue,  the  glossopharyngeal  to  the  posterior  third  (Fig.  13-60). 
The  fibers  of  the  chorda  tympani  nerve  are  conveyed  to  the 
tongue  in  the  trunk  of  the  lingual  nerve  (a  branch  of  the  in- 

®  The  mucous  membrane  in  the  region  of  the  epiglottis  contains  a  few  sense  or¬ 
gans  which  receive  taste  fibers  through  the  vagus  nerves. 
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Fig.  13-60  Pathway  for  the  transmission  of  taste  impulses.  CT,  chorda 
tympani  nerve;  GN,  glossopharyngeal  nerve;  IS,  superior  salivatory 
nucleus;  LN,  lingual  nerve;  SS,  superior  salivatory  nucleus;  efferent 
(secretory  fibers),  interrupted  lines;  afferent  (taste)  fibers,  continuous 
lines. 

ferior  maxillary  division  of  the  trigeminal  nerve).  The  center 
for  taste  lies  at  the  lower  end  of  the  somesthetic  area  of  the 
cerebral  cortex. 


Smell 

Smell  is  very  closely  allied  to  taste  and  has  been  aptly  described 
as  “  taste  from  a  distance.”  In  many  animals  the  sense  of  smell 
is  almost  incredibly  acute ;  a  large  proportion  of  the  brain  being 
concerned  with  this  sense.  In  such  species  the  sense  of  smell 
is  of  paramount  importance,  warning  the  animal  of  the  ap¬ 
proach  of  its  enemies,  and  guiding  it  in  the  quest  for  food. 
Even  in  man,  in  whom  the  sense  of  smell  is  comparatively 
rudimentary,  certain  substances,  such  as  mercaptan,  can  be 
detected  in  a  dilution  of  i  part  in  30  billion  or  more  parts  of  air. 

An  odorous  material  continually  emits  particles  of  molecular 
size  which  are  carried  in  the  air  to  the  olfactory  receptors. 
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Substances  wliich  pass  readily  into  the  gaseous  state  such  as  tur¬ 
pentine,  gasoline,  and  the  essential  oils  have,  in  general,  strong 
odors;  whereas  nonvolatile  materials,  e.g.,  the  heavy  metals,  are 
relatively  inodorous.  A  substance  in  order  to  be  smelled  must 
reach  the  nose  in  gaseous  form. 

The  mucous  membrane  on  each  side  of  the  nose  is  raised  into 
three  ridges  by  three  spurs  of  bone  (the  superior,  middle,  and 
inferior  turbinates')  which  spring  from  the  outer  nasal  wall 


Fig.  13-61  Vertical  transverse  section  through  the 
nasal  cavities  to  show  position  of  the  olfactory  area. 

The  interior  of  the  nose  is  thus  divided  incompletely  on  each 
side  into  four  compartments  placed  one  above  the  other  (see 
Fig.  13-61  and  Fig.  6-3,  p.  248).  The  lower  three  of  these  serve 
as  air  passages;  they  communicate  with  the  outside  through  the 
nostrils  and  behind  with  the  pharynx.  The  uppermost  com¬ 
partment  is  a  narrow  cleft  lying  immediately  beneath  the  an¬ 
terior  part  of  the  floor  of  the  skull.  The  olfactory  receptors  are 
embedded  in  a  small  patch  of  mucous  membrane  situated  on 
each  wall  of  this  narrow  space,  which  is  a  blind  pocket  from 
which  the  main  air  currents  are  excluded.  Air  containing  the 
odorous  particles  must,  therefore,  be  carried  to  the  olfactory 
mucous  membrane  either  by  diffusion  or  by  convection  currents 
set  up  when  the  inspired  air  meets  the  warmer  air  within  the 
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nose.  When^  for  example,  we  wish  to  smell  some  particular 
scent,  we  make  a  quick  short  inspiration  or  “sniff.”  This 
sharp  indrawing  of  the  cooler  outside  air  creates  ascending 
(convection)  currents  which  convey  the  scent  to  the  sensitive 
area.  The  material  does  not  act  .directly  upon  the  olfactory 
receptors,  but  is  first  dissolved  in  the  layer  of  fluid  covering  the 
mucous  membrane  —  a  fact  which  emphasizes  the  similarity 
between  the  senses  of  taste  and  smell. 

There  are  an  almost  infinite  variety  of  odors,  and  it  is  very 
difficult  to  make  a  satisfactory  classification;  nevertheless,  an 
attempt  has  been  made  to  group  them  under  the  following 
eight  headings. 

1.  Ethereal  odors,  e.g.,  of  fruits. 

2.  Aromatic  or  resinous  odors,  e.g.,  of  camphor,  bitter  almonds. 

3.  Fragrant  or  balsamic  odors,  e.g.,  of  flowers,  extracted  or  artificial 
perfumes. 

4.  Ambrosial  odors,  e.g.,  of  musk. 

5.  Garlic  odors,  e.g.,  of  garlic,  onions,  and  of  sulfur  and  selenium 
compounds. 

6.  Burning  odors,  e.g.,  of  burning  feathers,  tobacco,  roasted  coffee, 
and  meats. 

7.  Goat  odors,  e.g.,  of  caproic  acid,  sweat,  and  ripe  cheese. 

8.  Foul  odors,  e.g.,  of  excrement,  decaying  meat  and  vegetable 
matter. 

It  is  not  possible  to  correlate  the  chemical  nature  of  substances 
with  the  odors  which  they  emit,  for  materials  quite  different  in 
their  chemical  constitution  may  have  similar  odors,  while  others 
closely  similar  chemically  may  smell  quite  different.  Certain 
sensations  which  we  usually  class  as  olfactory,  such  as  those 
aroused  by  pungent  and  acrid  substances,  are  in  fact  due  to  the 
stimulation  of  the  common  nerves  of  the  nasal  mucous  mem¬ 
brane. 

The  olfactory  epithelium  is  composed  of  spindle-shaped  nerve 
cells  distributed  evenly  among  other  elongated  cells  which  are 
purely  supporting  in  function.  Both  types  of  cell  lie  perpen¬ 
dicular  to  the  epithelial  surface  (see  Fig.  13-62).  The  nerve 
cells,  or  olfactory  receptors,  give  rise  to  two  types  of  process-— 
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an  axon  and  a  modified  dendrite.  The  axons  spring  from  the 
deep  aspects  of  the  cells  and,  combining  in  groups,  form  a  num¬ 
ber  of  slender  bundles  called  the  fila  olfactoria.  The  dendrites 
are  thick  cylindrical  processes;  they  penetrate,  individually,  to 
the  surface  through  small  gaps  between  the  free  ends  of  the 
supporting  cells;  except  for  these  gaps  the  supporting  cells  are 


Fig.  13-62  Connections  of  the  olfactory  fibers  in  the  olfactory  bulb. 
I,  cells  of  olfactory  mucous  membrane;  2,  olfactory  nerves  entering  the 
cranial  cavity  through  perforations  in  the  bone;  3,  connections  with 
mitral  cells;  4,  mitral  cells;  5,  fibers  pas.sing  into  the  olfactory  tract. 


joined  together  to  form  a  continuous  covering.  Each  dendrite, 
after  emerging  from  between  the  supporting  cells,  divides  into 
a  tuft  of  some  six  or  eight  straight  filaments  which  project  a 
short  distance  beyond  the  epithelial  surface.  The  fila  olfactoria 
pass  upward  through  perforations  in  the  floor  of  the  skull  and 
enter  the  olfactory  bulb  (p.  600),  the  -primary  olfactory  center. 
Here,  the  axons  of  the  olfactory  receptors  synapse  with  other 
neurons  which  convey  the  impulses  to  the  cortical  center  for 
smell  situated  in  the  hippocampal  gyrus. 
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The  olfactory  receptors  adapt  rapidly  —  that  is,  they  soon 
cease  to  respond  to  some  particular  stimulus.  It  is  common 
experience  that  an  odor,  though  strong  when  first  smelled,  be¬ 
comes  imperceptible  after  a  short  time.  This  phenomenon  of 
adaptation  —  a  property  which  the  olfactory  sense  organs  ex¬ 
hibit  in  common  with  several  other  types  of  receptors  —  should 
not  be  confused  with  fatigue.  That  it  is  not  simply  a  matter  of 
fatigue  of  the  olfactory  mechanism  is  evident  from  the  fact  that, 
when  some  particular  odor  is  no  longer  smelled,  another  odor 
is  readily  perceived.  Some  persons  are  unable  to  smell  certain 
odors  at  all,  though  there  is  no  general  impairment  of  the  ol¬ 
factory  sense.  Hydrocyanic  gas,  for  example,  a  powerful  poison 
used  in  the  extermination  of  vermin,  has  a  strong  odor  of  bitter 
almonds,  but  is  quite  inodorous  to  some  persons. 


Cutaneous  Sensations 

The  sensations  which  can  be  aroused  by  stimulating  the  skin 
are  five  in  number,  namely,  touch,  pressure,  pain,  heat,  and  cold. 
Touch  may  be  defined  as  the  sensation  elicited  by  lightly  brush¬ 
ing  the  skin  with  a  wisp  of  cotton  wool,  or  by  pressing  a  stiff 
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Fig.  13-63  A  von  Frey  hair  (or 
esthesiometer)  for  measuring  the 
sensitivity  of  the  skin  to  touch. 


hair  vertically  upon  the  skin.  The  sensitivity  to  touch  of  a  par¬ 
ticular  cutaneous  area  is  tested  by  using  hairs  of  graded  thick¬ 
nesses  (von  Frey’s  hairs),  and  finding  the  one  which  arouses  a 
sensation  when  applied  with  just  sufficient  pressure  to  bend  it 
(see  Fig.  13-63). 

If  a  more  rigid  object,  such  as  a  match-stick,  is  pressed  against 
the  skin  the  sensation  aroused  is  one  of  pressure.  Pressure, 
though  usually  classed  as  a  cutaneous  sensation,  and  often  con¬ 
fused  with  touch,  is,  in  reality,  due  to  the  stimulation  of  recep¬ 
tors  (Pacinian  corpuscles)  situated  in  the  subcutaneous  tissues. 
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These  sense  organs  are  also  found  in  other  parts,  e.g.,  in  the 
surface  membranes  of  bones  (periosteum),  beneath  tendons, 
and  in  the  mesentery.  If  the  rigid  object  is  pressed  still  more 
firmly  into  the  skin,  or  if  the  skin  is  pricked  with  a  sharp 
pointed  instrument  such  as  a  pin,  pain  is  experienced. 


Fig.  i3'64  Cutaneous  receptors.  A,  touch  (Meissner’s  corpuscle); 

B,  cold  (Krause’s  end  bulb);  C,  warmth  (Ruffini’s  end  organ);  D,  deep 
pressure  (Pacinian  corpuscle);  E,  pain  (bare  nerve  endings  in' cornea). 

The  sensations  of  touch,  pressure,  heat,  and  cold  are  each 
dependent  upon  a  special  type  of  sense  organ  in  which  the 
nerve  fiber  terminates  after  losing  its  neurilemma  and  myelin 
sheath.  The  sensation  of  pain,  on  the  other  hand,  is  transmitted 
by  fibers  which  terminate  as  bare  axis  cylinders.  That  is,  the 
nerve  fiber  mediating  pain  loses  its  neurilemma  and  myelin 
sheath,  but  does  not  end  in  a  structure  of  special  design.  The 
receptors  of  touch,  pressure,  and  temperature  respond,  each,  to 
one  type  of  stimulus,  but  the  nerve  endings  giving  rise  to  pain 
respond  also  to  any  other  type  of  stimulation  —  mechanical, 
thermal,  electrical,  or  chemical  —  provided  it  is  intense  enough. 


CUTANEOUS  SENSATIONS  709 

Thus  the  sensation  of  pain  is  protective  in  functioHj  serving  to 
signal  a  threat  of  injury  to  the  body.  The  several  types  of  cu-' 
taneotis  receptor  are  shown  in  Figure  13-64. 

The  different  types  of  cutaneous'  sense  organ  are  separated 
from  one  another  by  measurable  distances.  By  applying  the 
appropriate  stimulus  to  points  upon  the  skin^  the  positions  of 
the  receptors  can  be  determined.  The  small  cutaneous  areas 


Fig.  13-65  Map  of  cold  spots  (i) 
and  hot  spots  (2)  within  an  area  on 
the  palm.  The  sensation  in  each 
case  was  most  intense  in  the  black 
areas,  less  so  in  the  lined  and  mild¬ 
est  in  the  dotted  areas.  In  the 
blank  parts  no  definite  sensation 
was  aroused.  (After  Goldscheider.) 


mapped  out  in  this  way  are  referred  to  as  “  spots.”  Thus, 
when  the  sensitivity  of  the  skin  to  touch  is  investigated  with  a 
von  Frey  hair,  the  sensation  is  elicited  only  from  certain  points; 
these  are  called  touch  “  spots,”  while  those  which  respond  to 
heat  or  cold  or  to  pain  are  called,  respectively,  hot,  cold,  and 
pain  “  spots  ”  (see  Fig.  13-65).  The  touch  spots  are  most  nu¬ 
merous  over  the  tips  of  the  fingers  and  in  the  mucous  mem¬ 
brane  of  the  tip  of  the  tongue.  In  cutaneous  regions  covered 
with  hair  — that  is,  almost  the  entire  skin  surface  except  the 
palms  of  the  hands  and  the  soles  of  the  feet  — the  touch  spots 
lie  on  the  “  windward  ”  side  of  the  hairs  (the  hairs  slant  in  one 
or  other  direction  like  grass  bent  by  a  breeze).  For  this  rea¬ 
son,  light  contact  with  the  hair  tips  causes  a  sensation  of  touch. 
The  hair  when  moved  acting  as  a  tiny  lever  transmits  the 
movement  to  the  skin  at  its  base;  thus  the  touch  end  organ  is 
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Stimulated.  Pain  fibers  form  a  rich  network  in  the  skin;  they 
also  ramify  within  the  hair  sockets  around  the  hair  roots. 

The  localization  of  cutaneous  sensations  is  effected  with  re¬ 
markable  accuracy.  The  localization  of  touch  is  tested  by 
bringing  a  wisp  of  cotton  wool  or  a  von  Frey  hair  in  contact 
with  the  skin  while  the  subject’s  eyes  are  closed,  and  then  ask¬ 
ing  him  to  place  a  finger  upon  the  spot  touched.  Pain  and 
pressure  are  also  very  accurately  localized,  but  the  sensations 

aroused  by  heat  and  cold  are 
more  diffuse.  Cutaneous  locali¬ 
zation  is  an  acquired  faculty,  be¬ 
ing  developed  through  an  asso¬ 
ciation,  previously  established  in 
the  brain,  between  the  point 
upon  the  skin  and  the  muscular 
movement  required  to  touch  it. 
In  other  words,  it  is  based  upon 
memories  of  muscular  move¬ 
ments  resulting  from  conditioned 
responses  to  cutaneous  stimuli. 

Aristotle’s  experiment  illus¬ 
trates  our  dependence  upon  ex¬ 
perience  for  the  interpretation  of 
tactile  stimuli.  A  small  object, 
such  as  a  pea,  held  between  the 
‘3"66  Aristotle’s  experiment,  adjacent  sides  of  the  first  and  sec¬ 
ond  fingers  is  felt  as  one,  because 
a  touch  stimulus  when  applied  simultaneously  to  both  of  these 
surfaces  has  always  in  our  experience  been  associated  with  but 
a  single  object.  But  when  the  small  object  is  held  between  the 
fingers,  crossed  as  in  Figure  13-66,  the  skin  is  stimulated  at  two 
points  which  experience  tells  us  may  be  touched  by  two  separate 
small  objects  but  never  by  one  alone.  The  single  pea  is,  there¬ 
fore,  felt  as  two.  Nerve  cells  in  the  sensory  area  of  the  cerebral 
cortex  which  receive  impulses  from  the  opposing  sides  of  the 
fingers  in  their  normal  positions  are  probably  very  closely  con¬ 
nected,  whereas  those  receiving  impulses  from  the  other  sides 
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of  the  fingers  are  not  in  such  intimate  association.  The  dual 
nature  of  pain  is  described  on  page  521. 

Spatial  discrimination.  This  faculty  is  closely  allied  to  the 
foregoing;  it  is  the  recognition  of  the  separateness  of  two  simul¬ 
taneous  stimuli.  For  example,  if  the  points  of  a  pair  of  com¬ 
passes  an  inch  apart  are  applied  to  the  skin  of  the  forearm,  a 
single  sensation  is  felt.  If  the  distance  between  the  compass 
points  is  increased  to  one  and  a  half  inches  or  more,  and  ap¬ 
plied  as  before,  two  distinct  sensations  are  experienced.  Two- 
point  discrimination  is  a  faculty  of  essential  importance.  In 
acquiring  information,  through  the  sense  of  touch,  of  the  size, 
texture,  and  shape  of  various  objects,  it  is  indispensable.  This 
faculty  varies  considerably  in  different  regions,  being  most 
highly  developed  in  the  coverings  of  the  more  mobile  parts 
of  the  body  —  that  is,  parts  such  as  the  fingers,  lips,  and  tip  of 
the  tongue,  which  have  received  the  most  practice  in  investi¬ 
gating  the  immediate  environment. 

In  Table  27  several  different  regions  are  compared  with  re¬ 
gard  to  the  minimal  distance  at  which  two  simultaneous  stim¬ 
uli  must  be  separated  in  order  to  arouse  a  double  sensation. 


TABLE  27 

Different  regions  compared  as  to  the  minimal  distance  by  which 
two  stimuli  must  be  separated  in  order  to  arouse 
a  double  sensation 

Minimal  distance 

Resion  in  millimeters 


Tip  of  tongue  .  i.i 

Palm  side  of  finger  tip  .  2-3 

Red  part  of  lips  .  4-4 

Tip  of  nose .  6.6 

Palm  of  hand . 

Heel  . 22.0 

Back  of  hand  .  3^-6 

Forearm  . 39-6 

Middle  of  back,  upper  arm  and  thigh .  67.0 


Chapter  14 

THE  PHYSIOLOGY 
OF  REPRODUCTION^ 


The  Female  Reproductive  Organs 

The  organs  which  form  the  sex  cells  are  known  as  the  gonads. 
The  gonads  of  the  female  are  called  the  ovaries,  since  they 
produce  the  ova  or  eggs.  The  human  ovaries  are  two  bodies 
about  the  size  and  shape  of  shelled  almonds,  lying  within  the 
pelvis.  The  ova  are  developed  from  columnar  epithelial  cells 
—  the  germinal  epithelium  —  covering  the  surface  of  the  ovary. 
Columns  of  these  cells  penetrate  deeply  into  the  connective  tis¬ 
sue  or  stroma  of  the  ovary.  Small  groups  of  cells  separate  off 
from  the  columns  and  become  arranged  with  a  large  one  in 
the  center  and  others  in  a  single  layer  around  it.  These  struc¬ 
tures  are  found  in  great  numbers  in  the  fetal  ovary  and  in  the 
ovaries  of  children.  They  are  called  primary,  primitive  or 
primordial  Graafian  follicles  (Fig.  14-1).  The  central  some¬ 
what  larger  cell  is  a  primitive  or  primordial  ovum.  In  the  sex¬ 
ually  mature  female  that  is,  from  the  time  of  puberty  to  the 
menopause— -some  of  the  primitive  follicles,  under  the  influ¬ 
ence  of  the  follicle-stimulating  hormone  (FSH)  of  the  hypoph¬ 
ysis,  become,  from  time  to  time,  mature.  Two  more  layers  of 
cells  derived  from  the  ovarian  stroma  develop  around  the 
original  one  encircling  the  ovum.  The  outer  of  these  is  fibrous 
and  known  as  the  theca  externa;  the  inner  layer,  called  the 
theca  interna  is  more  vascular  and  cellular  in  character.  The 
cells  of  the  original  layer  surrounding  the  primitive  ovum  mul- 

1  The  sex  hormones  arc  dealt  with  in  Chapter  lo. 
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tiply  to  form  a  mass  several  strata  deep.  This  cell-mass  is  soon 
separated  into  two  parts  by  the  collection  of  fluid  — liquor 
folliculi  —  near  its  center.  A  heaped  up  hillock  of  cells  remains 
at  one  side  of  the  follicle  in  which  the  ovum  lies  embedded.  It 
is  called  the  discus  proligerus  (L.  proles,  offspring  +  gero,  I 
bear)  or  the  cumulus  obphorus  (L.  cumulus,  Gk.  obphoros, 
egg-bearing).  The  other  group  of  cells  separated  off  by  the 


Fig.  14-1  Section  of  ovary,  i,  germinal  epithelium; 

2,  downgrowTh  of  columns  of  germinal  epithelium; 

3,  Graafian  follicles. 


liquor  folliculi  are  pressed  against  the  wall  of  the  follicle  which 
it  lines;  it  is  known  as  the  membrana  granulosa  (Fig. 

The  single  layer  of  regularly  arranged  cells  in  immediate  con¬ 
tact  with  the  ovum  is  called  the  corona  radiata. 

As  the  follicle  matures  or  ripens,  it  becomes  distended  by  the 
accumulation  of  liquor  folliculi  and  moves  outward  again  to 
the  surface  of  the  ovary.  It  projects  from  the  ovarian  surface 
as  a  small  cyst-like  oval  swelling  which  eventually  bursts  and 
discharges  the  ovum.  In  women  the  discharge  of  an  ovum,  or 
ovulation,  as  it  is  termed,  occurs  at  regular  intervals  of  about 
28  days  (see  p.  489).  The  cavity  of  the  ruptured  follicle  be¬ 
comes  filled  with  a  clot  of  blood  which  is  soon  replaced  by  a 
mass  of  cells  filled  with  a  yellow  fat-like  material  called  lutein. 
The  cells  are  derived  from  the  membrana  granulosa  and  theca 
interna  of  the  follicle.  The  yellow  mass  filling  the  follicle  is 
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called  the  corpus  luteum  (yellow  body) ;  it  elaborates  a  hor¬ 
mone  named  progestin;  when  referring  to  it  in  pure  crystalline 
form,  it  is  called  progesterone. 

The  ovum  itself  when  discharged  from  the  ovary  is  imma¬ 
ture.  Maturation  occurs  during  its  progress  along  the  Fallo¬ 
pian  or  uterine  tube.  The  Fallopian  tubes  (called  oviducts  in 


Drawing  of  a  CJraafian  follicle  approach- 

ing  maturity. 

animals)  are  two  ducts,  one  on  either  side,  possessing  a  trumpet¬ 
shaped  extremity  with  a  fringed  rim  which  lies  in  close  rela-* 
Uon  to  the  ovary  (Fig.  14-3).  This  expanded  upper  end  of  the 
Fallopian  tube  receives  the  ovum,  which  is  then  conveyed  along 
the  duct  by  the  movement  of  the  cilia  in  its  mucosa,  as  well 
as  by  peristaltic  contractions  of  its  wall.  The  Fallopian  tubes 
open  below  into  the  upper  part  of  the  uterus  (womb).  Con¬ 
jugation  of  the  ovum  with  the  male  germ  cell  (spermatazoon), 
or  jertihzation  of  the  ovum,  as  this  event  is  usually  termed,  is 
thought  to  take  place  in  the  Fallopian  tube.  In  birds,  the  ovi- 
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Fig.  14-3  Above,  diagram  of  the  human  female  organs  of  reproduc¬ 
tion.  Below,  a  section  through  the  female  pelvis  to  show  the  relations 
of  the  reproductive  organs  in  neighboring  parts,  i,  bladder  (dis¬ 
tended);  2,  pubic  bone;  3,  urethra;  4,  uterus;  5,  rectum;  6,  vagina; 
7,  sphincter  ani.  (Redrawn  from  Cunningham.) 


ducts  transmit  the  fertilized  ovum  to  the  exterior,  but  in  the 
human  body,  and  in  the  bodies  of  most  other  mammals,  it  is 
delivered  into  the  uterus. 

The  uterus  is  a  hollow  pear-shaped  organ  though  somewhat 
flattened  from  front  to  back.  Its  walls  are  formed  of  smooth 
muscle  and  lined  by  mucous  membrane  5  the  latter  is  called 
the  endometrium.  The  small  narrower  end,  the  neck  or 
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cervix  of  the  uterus  is  directed  downward,  opening  by  its  mouth 
or  os  into  the  upper  end  of  the  vagina.  The  latter  is  a  narrow 
sheath-like  canal  of  muscle  and  mucous  membrane  which  re¬ 
ceives  the  male  copulatory  organ  or  penis.  The  fertilized  ovum, 
upon  reaching  the  cavity  of  the  uterus,  establishes  connections 
with  the  uterine  mucosa  and  develops  into  the  fetus  (p.  734). 
The  reaction  of  the  endometrium  will  be  described  in  greater 
detail  later. 

The  growth  of  the  uterus  in  the  virgin  state  and  during  preg¬ 
nancy.  The  virgin  uterus  reaches  its  full  development  at 
puberty  as  a  result  of  the  maturation  of  the  Graafian  follicles 
and  the  liberation  of  the  follicular  hormone,  estradiol.  At 
this  time  it  weighs  only  50  grams  or  less,  but  during  preg¬ 
nancy  it  shows  phenomenal  growth,  reaching  a  weight  exclu¬ 
sive  of  its  contents,  of  some  1000  grams  —  a  two  hundred-fold 
increase.  Almost  immediately  after  impregnation  of  the  ovum, 
before  it  has  become  attached  to  the  endometrium,  and  even 
while  it  is  still  in  the  Fallopian  tube,  the  uterine  muscle  shows 
very  active  hyperplasia,  a  great  increase  in  the  number  of  fibers 
occuring  through  mitosis.  Under  microscopic  examination 
thousands  of  mitotic  figures  are  to  be  seen  in  a  small  sahxple  of 
the  uterine  muscle.  But  this  hyperplastic  phase  soon  comes  to 
an  end.  The  growth  of  the  uterus  from  this  time  on  is  con¬ 
fined  entirely  to  thickening  and  lengthening  of  the  muscle 
fibers.  The  increase  in  the  number  of  fibers  (mitosis)  is  due 
mainly  to  the  action  of  progestin.  The  enlargement  of  the  in¬ 
dividual  fibers,  and  the  consequent  great  increase  in  the  size 
of  the  uterus,  is  the  result  of  the  distension  caused  by  the  pro¬ 
gressive  increase  in  bulk  of  the  fetus,  a  stretch  stimulus  being 
thus  applied  to  the  uterine  muscle.  The  effect  of  this  stretch 
stimulus  upon  uterine  growth  is  modified  after  a  somewhat 
complicated  fashion  by  both  estradiol  and  progestin.  The 
growth  of  the  uterine  muscle  ceases  toward  the  end  of  the 
sixth  month  of  pregnancy.  But  the  fetus  shows  rapid  growth 
from  this  time  on,  accompanied  by  a  commensurate  disten¬ 
sion  of  the  uterus.  The  stretch  stimulus  applied  to  the  muscle 
fibers,  though  it  elicits  no  growth  response,  induces  other  ef- 
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Fig.  14-4  Diagram  o£  a  segment  of  a  mature  mammary  gland.  A  sec¬ 
tion  of  skin  and  subcutaneous  tissue  has  been  removed.  Lower  draw¬ 
ing  shows  the  microscopical  appearance  of  the  glandular  tissue  during 
secretion;  note  that  disintegration  of  the  follicular  cells  occurs  as  part  of 
the  secretory  process. 

fects  which  lead  eventually  to  the  termination  of  pregnancy 

(P-  243)-  ,  j 

The  structure  and  development  of  the  mammary  glands. 

The  composition  of  milk.  The  mammary  glands  of  women, 
commonly  known  as  the  breasts,  are  composed  of  a  mass  of 
cells  arranged  to  form  follicles  or  alveoli  which  are  drained  by 
a  branching  system  of  ducts.  The  mammary  tissue,  capable  of 
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secreting  milk  under  appropriate  stimulation,  is  separated  by 
means  of  partitions  or  septa  of  connective  tissue  into  some 
twenty  lobes  in  each  breast  (Fig.  14-4).  Each  lobe  is  divided 
again  into  a  number  of  lobules.  The  breast  is  surmounted  at 
its  center  by  a  small  conical  eminence  composed  of  erectile  tis¬ 
sue  and  covered  by  darkly  pigmented  skin ;  it  is  known  as  the 
7iipple,  and  is  surrounded  by  a  circular  area  of  similarly  pig¬ 
mented  skin  known  as  the  areola.  The  whole  mass  of  glandu¬ 
lar  tissue  is  embedded  and  covered  by  a  variable,  but  often  a 
very  abundant,  amount  of  fatty  (adipose)  tissue.  In  the  ac¬ 
tive  gland  the  milk  is  secreted  into  the  centers  of  the  follicles 
and  drained  away  by  the  duct  system.  The  milk  is  carried 
from  each  lobe  by  a  single  duct  {lactiferous  duct)  to  the  nipple, 
from  the  apex  of  which  it  reaches  the  exterior  through  a  tiny 
pore. 

The  development  of  the  mammary  glands  to  the  adult  size 
and  form  commences  at  puberty.  Their  enlargement  at  this 
time  is  one  of  the  chief  secondary  sex  characteristics  of  the 
mammalian  female.  Before  the  age  of  puberty,  the  gland  of  the 
female  shows  little  difference  from  that  of  the  male  either  in 
the  amount  or  in  the  histological  appearance  of  the  mammary 
tissue.  In  both  sexes  at  this  time,  as  well  as  in  the  adult  male, 
the  glands  consist  mainly  of  connective  tissue  with  a  limited 
number  of  rudimentary  collapsed  follicles  and  a  few  scattered 
sparsely  branched  ducts.  With  the  onset  of  puberty,  signs  of 
cellular  activity  (hyperplasia)  appear  in  the  female  gland.  The 
duct  system  becomes  more  extensively  branched,  though  the  fol¬ 
licles  remain  rudimentary.  Not  unless  pregnancy  supervenes  do 
the  latter  become  fully  developed  and  capable,  under  ordinary 
circumstances,  of  secreting  milk.  There  are,  therefore,  two  pe¬ 
riods  in  the  growth  of  the  mammary  glands,  the  first  at  puberty 
and  confined  to  the  duct  system.  This  is  brought  about  by  the 
action  of  the  follicular  hormone  (estradiol,  p.  492) .  The  very  ac¬ 
tive  growth  of  the  follicles  which  is  characteristic  of  the  preg¬ 
nant  state,  is  caused  by  progestin.  Due  to  the  high  concentra¬ 
tion  of  estradiol  in  the  blood  during  pregnancy  the  duct  system 
also  receives  further  stimulation  at  this  time.  Though  milk  is 
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formed  within  the  gland  toward  the  end  of  pregnancy,  none 
appears  externally,  as  a  rule,  until  the  child  or  the  young  ani¬ 
mal  has  been  born.  The  mechanism  underlying  the  secretion 
of  milk  (lactation)  has  been  described  on  page  497. 

Milk  provides  all  the  materials  necessary  for  the  growth  of 
the  infant  up  to  the  age  of  about  6  months.  Human  milk  con¬ 
tains  about  6.7  per  cent  of  sugar  (lactose  or  milk-sugar),  1.5 
per  cent  protein  (mainly  lactalbumin  and  casein)  and  about 
4  per  cent  of  fat.  Its  main  mineral  is  calcium  (approximately 
I  gram  per  quart  of  cow’s  milk).  But  it  also  contains  adequate 
amounts  of  phosphorus,  sodium,  potassium,  and  magnesium. 
The  chief  difference  between  human  and  cow’s  milk  is  the 
higher  concentration  of  protein  (3.5  per  cent)  in  the  latter. 
Both  kinds  of  milk  are  poor  in  iron;  it  is  for  this  reason  that  the 
infant  after  the  age  of  about  6  months  is  likely  to  become 
anemic  if  fed  upon  milk  alone.  The  baby  comes  into  the 
world  with  a  good  supply  of  iron,  but  the  stores  of  this  mineral 
(derived  from  the  hemoglobin  freed  by  the  disintegration  of 
the  excess  of  erythrocytes  during  the  few  days  after  birth)  be¬ 
come  exhausted  after  the  first  half  year  or  so.  The  milk  of 
healthy  mothers  usually  contains  the  required  amounts  of 
vitamins  A,  B  and  C,  but  tends  to  be  low  in  vitamin  D.  This 
is  also  often  true  of  cow’s  milk,  and  for  this  reason  the  diet  of 
a  child  after  6  months  of  age,  a  time  when  rickets  may  develop, 
should  be  supplemented  with  some  preparation  of  vitamin  D, 
especially  in  the  winter  months. 

The  various  constituents  of  the  milk  are  derived  from  the 
blood  flowing  through  the  gland.  In  a  secreting  gland  the  fat 
can  be  seen  as  microscopic  globules  within  the  cells  of  the 
alveoli.  As  the  globules  collect  and  coalesce,  the  cells  swell,  and 
finally  bursting,  they  discharge  their  load  of  fat  into  the  center 
of  the  alveolus  (Fig.  14-4).  This  type  of  secretion,  known  as 
apocrine,  is  less  common  than  that  in  which  the  cells  extrude 
their  product,  saliva  for  example,  and  remain  intact. 

The  menstrual  cycle  is  described  on  page  489,  the  actions  of 
the  ovarian  hormones  on  page  491,  and  of  the  gonadotrophic 
hormones  of  the  anterior  lobe  of  the  pituitary  on  page  496. 
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The  Male  Reproductive  Organs 

The  testes  are  the  gonads  or  sex  organs  of  the  male  and,  there¬ 
fore,  correspond  to  the  ovaries  of  the  female.  They  are  two 
ovoid  bodies  which,  in  such  animals  as  fish,  frogs,  reptiles,  and 

birds,  lie  within  the  abdominal  cav¬ 
ity.  Even  in  the  mammalian  fetus 
they  occupy  this  position.  Shortly 
before,  or  soon  after  birth,  the  testes 
of  mammals  descend  and,  leaving 
the  abdomen,  become  enclosed  in  a 
small  cutaneous  pouch,  suspended 
from  the  pubic  and  perineal  regions, 
and  called  the  scrotum.  In  the  hu¬ 
man  fetus  the  testes  enter  the  scro¬ 
tum  two  months  before  birth. 

The  interior  of  the  testis  is  a  com¬ 
pact  mass  of  narrow  and  very  tortu¬ 
ous  tubules  —  the  convoluted  semi¬ 
niferous  tubules.  Fibrous  partitions 
divide  the  testicular  substance  into  a 
great  number  of  wedge-shaped  lobes, 
each  of  which  consists  of  from  one 
to  three  convoluted  tubules.  The 
tubules  of  neighboring  lobes  unite  to  form  a  series  of  larger 
straight  ducts  which,  after  a  short  course,  unite  in  a  plexiform 
manner.  The  plexus  —  known  as  the  rete  testis  —  leads  again 
into  a  number  of  ducts,  small  and  straight  at  first,  but  which, 
after  a  short  course,  become  enlarged  and  tortuous  (Fig.  14-5) , 
and  ultimately  unite  into  a  single  large  convoluted  duct.  This 
is  called  the  epididymis;  it  is  applied  to  the  posterior  aspect  of 
the  testis,  its  upper  part  or  head  being  considerably  larger  than 
the  lower  part  or  tail.  From  the  tail  a  straight  tube  —  the  pas 
deferens  ascends  along  the  posterior  border  of  the  testis,  to 
enter  the  abdomen,  wherein  it  joins  the  duct  of  the  seminal 

vesicle  of  the  corresponding  side  (Fig.  14-6). 

The  seminal  vesicles  are  two  coiled  tubes  with  sacculated 


Fig.  14-5  Diagram  show¬ 
ing  the  structure  of  the  in¬ 
terior  of  the  testis,  i,  epi¬ 
didymis;  2,  vas  deferens; 
3,  convoluted  tubules;  4, 
rete  testis. 
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walls,  situated  between  the  lower  part  of  the  bladder  and  the 
rectum.  The  ejaculatory  ducts  are  short  tubes  formed  one  on 
each  side  by  the  union  of  the  duct  of  the  seminal  vesicle  with 
the  vas  deferens;  they  open  into  the  urethra  (the  canal  of  the 
penis)  near  the  outlet  from  the  bladder. 

The  seminiferous  tubules  are  lined  by  several  layers  of  cells. 
Those  of  the  outermost  layer  —  that  is,  the  layer  lying  upon  the 
basement  membrane  —  are  of  two  types;  (a)  cuboidal  cells. 


Fig.  14-6  Showing  the  re¬ 
lation  of  the  vas  deferens 
(V),  seminal  vesicles  (S) 
and  prostate  (P)  to  the 
bladder  (B).  R,  urethra; 
U,  ureter.  (Redrawn  from 
Cunningham.) 

supported  by  (b)  columnar  cells.  The  latter,  which  are  known 
as  the  cells  of  Sertoli,  extend  inward  (i.e.,  toward  the  lumen  of 
the  tubule)  through  the  other  layers.  The  foriner,  called  the 
s perm ato genic  cells,  give  rise  through  a  series  of  divisions  to  the 
male  sex  cells  or  spermatozoa  (sing,  spermatozoon') .  The  in¬ 
ner  cell  layers  forming  the  wall  of  the  tubule  consist  of  sperma- 
togenic  cells  showing  various  stages  in  the  maturation  process, 
those  most  advanced  in  development  lying  nearer  the  lumen 
of  the  tubule.  The  cells,  as  they  mature  into  spermatozoa,  be¬ 
come  detached  from  the  tubule  wall  (Fig.  14-7).  The  sperma¬ 
tozoon  is  about  o.i  mm.  long;  it  has  an  oval  flattened  head 
and  a  long  tail-like  process  (Fig.  14-8)  by  which  it  propels  it¬ 
self.  The  head  is  the  essential  part  of  the  cell,  consistmg  of  a 
large  nucleus  surrounded  by  a  narrow  rim  of  protoplasm. 

The  connective  tissue  lying  between  the  convoluted  tubules 
contains  scattered  cells  with  yellow  granules  in  their  cytoplasm. 
These  are  called  interstitial  cells  or  the  cells  of  Ley  dig.  They 


Fig.  14-7  {Above).  Cross  section 
of  a  convoluted  tubule  showing 
spermatogenesis  (semidiagramniat- 
ic).  I,  Sertoli  cell;  2,  spermatogenic 
cells;  3,  spermatozoa;  4,  interstitial 
cells  of  Leydig. 


Fig,  14-8  {To  the  left).  Human 
spermatozoa.  A,  in  profile;  B, 
viewed  on  the  flat,  i,  head;  2,  mid¬ 
dle  piece;  3,  tail.  (Redrawn  from 
Retzius.) 


taneous  movements  in  the  convoluted  tubules,  but  become 
actively  motile  in  the  epididymis.  As  coitus  nears  completion 
and  the  climax  or  orgasm  of  the  act  occurs,  contractions  of 
the  epididymus  and  vasa  deferentia  propel  the  spermatozoa 
through  the  ejaculatory  ducts  into  the  urethra.  At  the  same 
time  the  seminal  vesicles  contract  and  expell  a  viscous  secretion. 
The  semen,  which  this  fluid  with  its  suspension  of  spermatozoa 
is  now  called,  is  ejected  from  the  urethra  with  considerable 
force  by  the  contractions  of  the  urethral  muscle  and  of  striated 
muscle  in  the  perineum.  The  ejection  of  the  semen  and  the 
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movements  which  bring  it  about  constitute  the  act  of  efacula- 
tion.  It  is  a  reflex  act  of  which  sensory  nerves  in  the  penis  are 
its  afferent  limb,  and  sympathetic  nerves  its  efferent  limb.  A 
thin  secretion  from  the  prostate  gland  and  secretions  of  small 
urethral  glands  are  added  to  the  semen  in  the  urethra.  The 
secretion  of  the  seminal  vesicles  appears  to  be  essential  for 
maintaining  the  life  and  motility  of  the  spermatozoa,  but  the 
prostatic  secretion  and  the  secretions  of  the  urethral  glands  are 
not  of  importance  in  this  respect;  they  probably  serve  mainly 
as  a  lubricant. 

The  spermatozoa,  deposited  in  the  upper  part  of  the  vagina 
during  coitus,  propel  themselves  upward  by  lashing  movements 
of  their  tails  at  the  rate  of  about  six  inches  per  hour  and,  pass¬ 
ing  through  the  uterus,  enter  the  Fallopian  tube  where  fertili¬ 
zation  occurs.  It  is  probable  that  contractions  of  the  uterus 
during  coitus  may  draw  the  semen  into  the  uterine  cavity. 

The  head  of  the  spermatozoon  penetrates  the  ovum;  in  a 
short  time  its  tail  disappears  and  the  changes  described  on 
page  726  follow.  The  semen  contains  an  enzyme  which  effects 
the  removal  of  the  mass  of  cells  (discus  proligerus,  p.  713)  m 
which  the  ovum  is  embedded,  thus  facilitating  its  penetration. 

The  life  of  the  spermatozoon  after  it  has  been  deposited  in 
the  vagina  is  from  four  to  five  days.  The  ovum,  on  the  other 
hand,  if  unfertilized,  survives  for  only  about  seven  hours;  after 
this  it  starts  to  degenerate. 

The  penis,  the  copulatory  organ  of  the  male,  is  composed  of 
erectile  tissue  arranged  as  three  longitudinal  columns  bound 
together  by  fibrous  tissue,  and  covered  with  skin.  Two  of  the 
columnar  masses,  called  the  corpora  cavernosa  penis,  lie  side 
by  side  on  the  upper  or  anterior  aspect  of  the  organ.  The  third, 
called  the  corpus  cavernosum  urethrae,  lies  beneath  the  other 
two  and  is  canalized  by  the  urethra.  The  urinary  bladder  is 
evacuated  through  the  urethra  which  also  transmits  the  semen 
during  coitus.  The  extremity  of  the  corpus  cavernosum  ure¬ 
thrae  is  expanded  into  a  pyramidal  structure  called  the  glans 
penis,  which  is  molded  over  the  ends  of  the  corpora  cavernosa 
penis  (Fig.  14-9). 
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Erectile  tissue  possesses  a  sponge-like  structure,  showing  a 
mesh  work  of  wide  blood  spaces  (cavernous  spaces).  These  are 
fed  by  capillaries  and  arterioles  and  drained  by  small  veins. 
Smooth  muscle  fibers  run  in  the  walls  of  the  blood  spaces  and 


Fig.  14-9  Upper  drawing,  a  section  through  the  lower  part  of  the  male 
pelvis  to  show  the  relationship  of  the  reproductive  organs,  i,  bladder 
(artificially  distended);  2,  pubic  bone;  3,  corpus  cavernosum  penis; 

4,  urethra;  5,  glans  penis;  6,  seminal  vesicle;  7,  rectum;  8,  prostate; 

9,  external  sphincter  ani.  Below,  a  cross  section  through  the  terminal 
part  of  the  penis.  10,  corpus  cavernosum  penis;  n,  corpus  cavernosum 
urethrae;  12,  urethral  canal.  (After  Cunningham,  redrawn  and  modi¬ 
fied.) 

surround  their  venous  outlets.  To  this  construction  of  erectile 
tissue  is  due  its  peculiar  property,  namely,  the  ability  to  alter  in 
volume  and  consistency.  Erection  of  the  penis  is  brought  about 
in  the  following  way.  The  arterioles  feeding  the  blood  spaces 
dilate,  and  the  muscle  fibers  in  the  walls  of  the  latter  relax. 
The  muscle  guarding  the  venous  outlets  contracts,  thus  tending 
to  impede  the  outflow  of  blood.  The  spaces  of  the  erectile  tis- 
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sue  are  expanded  as  the  blood  under  high  pressure  is  driven 
through  them.  The  organ,  thus  becoming  turgid  -with  blood, 
is  rendered  tense,  hard,  and  erect. 

The  nerve  fibers  governing  this  mechanism  are  derived  from 
the  pelvic  (parasympathetic)  nerves.  The  sympathetic  sends 
fibers  which  exert  the  reverse  effect  (contraction  of  the  smooth 
muscle  of  the  arterioles  and  in  the  walls  of  the  blood  spaces, 
accompanied  by  relaxation  of  that  surrounding  the  venous  out¬ 
lets)  with  consequent  relaxation  of  the  penis. 

The  erectile  organ  of  the  female  corresponding  to  the  penis  is 
called  the  clitoris.  It  is  situated  above  and  just  outside  the  en¬ 
trance  to  the  vagina.  Erectile  tissue  is  also  present  beneath  the 
mucosa  of  the  vagina. 

The  prostate  is  a  body  about  the  size  of  a  chestnut  and  some¬ 
what  conical  in  shape.  Its  base  is  directed  upward  and  lies  in 
contact  with  the  lowest  part  of  the  bladder.  It  embraces  the 
first  one  and  a  half  inches  of  the  urethra.  The  ejaculatory 
ducts  pierce  its  upper  and  posterior  part  (see  Fig.  14-9).  The 
prostate  is  composed  of  muscular  and  glandular  tissues.  It 
secretes  a  thin  fluid  into  the  urethra. 

Prostatic  enlargement,  with  consequent  interference  with  the 
passage  of  urine,  not  uncommonly  occurs  in  men  past  middle 
age.  There  has  been  much  speculation  as  to  the  cause  of  en¬ 
largement  of  the  prostate,  but  so  far  the  problem  has  not  been 
solved.  Some  hormonal  imbalance  is  thought  to  be  the  fun¬ 
damental  cause. 
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Maturation  of  the  sex  cells  or  gametes  (spenn  and  egg  cells). 
The  spermatogenic  cells  lining  the  seminiferous  tubules  un¬ 
dergo  maturation  as  follows.  First  the  chromatin  within  the 
nucleus  loses  its  net-like  arrangement  and  becomes  spun  mto 
a  long  twisted  thread,  which  then  breaks  up  into  small  sections 
(the  number  varying  with  the  species)  called  chromosomes 
(see  Fig.  14-10,  and  Fig.  2-3,  p.  27).  Soon  fine  lines  are  seen 
radiating  from  the  centrioles  into  the  surrounding  cytoplasm. 
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The  star-like  bodies  thus  formed  soon  separate  from  one  an¬ 
other,  and  move  one  to  either  side  of  the  nucleus.  Each  chro¬ 
mosome  next  divides  lengthwise  into  two  halves  while  the  rays 
from  each  star-body  are  seen  to  stretch  toward  them,  the  whole 
nuclear  structure  being  now  referred  to  as  the  spindle.  As 
the  radiating  strands  of  the  spindle  shorten,  the  chromosome 
halves  are  drawn  apart  and  collect  together  at  opposite  sides  of 
the  cell  to  form  two  separate  nuclei.  Each  half  chromosome 
develops  into  a  complete  chromosome,  so,  obviously,  each  new 
nucleus  must  have  the  same  number  of  chromosomes  as  the 
original  one.  The  protoplasm  between  the  two  nuclei  then  di¬ 
vides  to  form  two  separate  daughter  cells.  These  redivide,  and 
their  daughters  cells  divide  in  turn.  The  divisions  are  repeated 
through  several  cell-generations.  The  above  description  of  cell 
division  is  termed  mitosis  and  is  typical  of  the  division  of  body 
cells  in  general.  From  now  on,  the  development  of  the  sperm 
cells  takes  a  characteristic  course.  For  a  time  the  cells  of  the 
last  division  cease  to  multiply,  but  they  enter  a  growth  period 
and  form  large  cells  called  spermatocytes.  Among  these  the 
division  process  recommences,  but  the  chromatin  follows  a 
different  course,  from  that  pursued  in  the  previous  divisions. 
The  chromatin  breaks  into  the  same  number  of  sections  (chro¬ 
mosomes)  as  before,  but  these  arrange  themselves  in  pairs,  and 
do  not  divide  lengthwise.  A  spindle  forms,  the  singles  of  the 
pairs  are  drawn  apart,  and  two  daughter  cells  are  formed  which 
are  converted  directly  into  mature  spermatozoa.  It  is  clear 
that  each  of  these  must  have  just  half  the  number  of  chromo¬ 
somes  found  in  the  original  germ  cell.  This  is  spoken  of  as 
reduction  division.  The  mature  eggs  are  formed  after  a  simi¬ 
lar  fashion  from  the  germ  cells  of  the  female  reproductive 
organ.  Multiplication  by  mitosis  occurs  for  a  series  of  cell- 
generations,  maturation  being  accompanied  by  reduction  divi¬ 
sion  (see  Fig.  14-10).  In  the  case  of  the  egg,  however,  some  of 
the  cells  resulting  from  the  final  divisions  are  small  in  size  and 
do  not  develop  fully,  but  are  discarded.  The  male  and  female 
sex  cells,  after  they  have  undergone  reduction  division,  are 
called  gametes  (Gk.  gametes,  a  husband;  gamete,  a  wife). 


720  THE  PHYSIOLOGY  OF  REPRODUCTION 

Conjugation  of  the  egg  and  sperm  cells.  The  unfertilized 
ovum  in  some  unknown  way  exerts  an  attractive  force  upon  the 
spermatozoon  which,  by  means  of  the  lashing  movements  of 
its  tail,  reaches  the  female  gamete.  The  head  of  the  sperm 
penetrates  the  ovum.  A  change  in  the  boundary  wall  of  the 
ovum  then  occurs,  which  as  a  rule  serves  to  prevent  the  entrance 
of  other  spermatozoa.  The  tail  of  the  latter  soon  disappears, 
leaving  the  head  within  the  cytoplasm  of  the  egg.  The  result 
is  the  formation  of  a  single  cell,  which  has  a  power  for  growth 
not  possessed  by  either  ovum  or  spermatozoon  alone.  The 
single  cell  almost  at  once  commences  to  divide  and  redivide. 
In  this  way  are  formed  great  numbers  of  cells  (see  segmenta¬ 
tion,  p.  731),  which  do  not  separate  from  one  another  but  are 
held  together.  Gradually,  as  they  multiply  and  develop  in 
various  directions,  tissues  and  organs  of  different  structure  and 
functions  appear,  until  finally  a  new  and  complete  individual  is 
created  almost  identical  with  others  of  its  species.  Whether 
plant  or  worm,  fish,  bird,  or  man,  nearly  all  forms  of  life  other 
than  the  very  primitive  have  developed  from  a  single  cell  re¬ 
sulting  from  the  union  of  sperm  and  egg. 

The  conjugation  of  the  male  and  female  gametes  (ovum  and 
spermatozoon)  is  termed  the  fertilization  or  impregnation  of 
the  ovum.  The  cell  resulting  from  the  union  is  then  spoken  of 
as  the  fertilized  ovum,  oosperm,  or  zygote. 

Changes  in  the  nuclei  of  the  conjoined  cells.  Almost  imme¬ 
diately  after  fertilization  both  nuclei  commence  to  enlarge,  move 
toward  each  other,  come  together,  and  finally  fuse  near  the  cen¬ 
ter  of  the  ovum.  Fusion  is  followed  by  the  complicated  changes 
already  described  as  characteristic  of  mitosis.  The  chromatin  of 
each  nucleus  is  not  broken  up  into  sections  at  random  or  in  any 
haphazard  fashion,  but  is  always  divided  into  precisely  the 
same  number  of  pieces  (chromosomes)  as  are  found  in  the 
sperms  and  ova  in  the  final  stage  of  their  maturation.  Further¬ 
more,  the  number  of  chromosomes  in  each  nucleus,  as  in  each 
original  gamete  nucleus,  is  always  the  same  for  a  given  species 
and,  as  a  result  of  the  reduction  division  already  described,  is 
precisely  half  the  number  of  those  in  the  body  cells  and  in  the 
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original  germ  cells  of  the  reproductive  organs  (see  Fig.  14-10) . 
The  fused  nucleus  must  therefore  contain  an  equal  number  of 
maternal  and  paternal  chromosomes  and  the  total  number 
must  be  equal  to  that  in  each  body  cell  of  the  species.'  By  the 
division  lengthwise  of  each  chromosome  into  equal  halves  the 
number  is  straightway  doubled.  The  halves  lie  in  pairs  near 
the  center  of  the  ovum  and,  as  in  ordinary  mitosis,  star-bodies 
appear  on  either  side,  form  a  spindle,  and  soon  draw  them 
apart.  The  protoplasm  separates  between  and  two  daughter 
cells  are  formed.  Each  of  these  has  therefore  received  ma¬ 
ternal  and  paternal  chromosomes,  and  the  number  is  precisely 
the  same  as  in  a  body  cell  but  double  the  number  in  each  origi¬ 
nal  gamete.  It  is  clear  then  that,  though  each  gamete  con¬ 
tains  just  half  the  number  of  chromosomes  characteristic  of 
the  body  cells  of  the  species,  the  latter  number  is  restored  when 
fertilization  of  the  ovum  occurs.  This  is  an  important  and 
fundamental  fact  in  the  mechanism  of  reproduction. 

Chromatin,  of  which  the  chromosomes  are  composed,  is  be¬ 
lieved  to  be  the  essential  procreative  substance.  Through  it 
hereditary  characters  are  transmitted,  and  upon  its  existence  the 
perpetuation  of  the  species  depends.  Yet  it  has  been  stated  that 
the  total  quantity  of  chromatin  contained  in  all  the  ova  and 
sperms  from  which  have  been  created  the  two  billion-odd  per¬ 
sons  inhabiting  the  globe  could  have  been  no  greater  in  size 
than  a  match  head. 

Parthenogenesis.  In  some  animal  forms,  especially  certain  in¬ 
sects,  the  females,  though  themselves  produced  from  a  fertilized 
eggj  may  for  some  generations  lay  eggs  which  do  not  become 
fertilized.  These  spermless  eggs,  nevertheless,  develop  into  the 
young  of  the  species.  In  other  words,  the  young  of  these  gen¬ 
erations  have  a  mother  but  no  father.  To  this  mode  of  repro¬ 
duction  parthenogenesis,  a  term  derived  from  the  Greek  word 

2  In  some  insects,  such  as  the  fruit-fly,  the  number  of  chromosomes  in  the  body 
cells  is  8,  which  are  reduced  to  4  in  the  sex  cells.  In  certain  species  of  worms  there 
are  12  in  the  body  cells  and  6  in  the  ova  and  sperms.  The  mouse,  the  trout,  and  the 
lily  have  24  in  their  body  cells  and  12  in  their  sex  cells.  Other  forms  of  animals  and 
plants  have  each  a  characteristic  number,  which  may  be  as  low  as  4  or  as  high  as 
168.  There  are  24  chromosomes  in  the  gametes  of  the  human  race  and  48  m  the 
body  cells. 
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parthenos,  a  virgin,  is  applied.  The  drones  of  the  honey-bee, 
for  instance,  are  developed  from  unfertilized  eggs  of  the  Queen. 
The  female  workers  of  the  hive  arise  from  fertilized  eggs,  which 
have  been  laid  about  the  same  time  as  the  unfertilized.  A  frog’s 
egg,  though  under  ordinary  circumstances  it  must  receive  a 
spermatozoon  before  segmentation  will  ensue,  may  be  induced 
to  develop  into  a  tadpole  by  artificial  means.  Pricking  the  wall 
of  the  ovum  with  a  needle  will  start  segmentation,  which  ulti¬ 
mately  results  in  the  production  of  a  fatherless  frog. 

Twinning.  There  are  two  ways  in  which  twins  may  be  con¬ 
ceived:  (i)  by  the  fertilization  of  two  separate  ova,  or  (2)  by 
the  fertilization  of  a  single  ovum.  When  two  ova  are  fertilized 
—  and  this  is  the  commoner  way  —  the  offspring,  known  as 
fraternal  twins,  may  be  of  the  same  or  of  different  sexes  and 
usually  do  not  resemble  each  other  more  than  might  any  two 
members  of  a  family.  When  two  individuals  are  formed  from 
a  single  ovum,  the  twins  are  always  of  the  same  sex  and  are  re¬ 
markably  alike.  They  are  called  identical  twins  and  are  formed 
by  the  division  of  the  cell  mass  within  the  ovum  into  two  dis¬ 
tinct  parts,  each  of  which  develops  into  a  separate  child.  Iden¬ 
tical  twins  are  contained  within  the  same  amniotic  cavity  and 
are  on  very  rare  occasions  joined  together,  as  in  the  case  of  the 
Siamese  twins.  Most  animals  produce  their  litters  by  the  fertili¬ 
zation  of  several  ova,  but  in  some,  such  as  the  armadillo,  a  little 
mammal  possessing  a  hard  covering  resembling  a  coat  of  mail, 
only  one  ovum  is  fertilized,  and  the  mass  of  cells  within  be¬ 
comes  divided  into  several  smaller  groups,  each  of  which  de¬ 
velops  into  a  fetus. 

T he  determination  of  sex.  It  would  be  an  inestimable  boon 
to  animal  breeders  if  the  sex  of  the  offspring  could  be  deter¬ 
mined  by  artificial  means,  or  even  if  it  could  be  predicted. 
Man’s  ingenuity  in  this  direction  seems,  however,  to  be  forever 
checked.  Had  human  interference  been  possible  in  the  past, 
the  history  of  nations,  no  doubt,  would  have  run  a  different 
course.  The  sex  of  the  newly  created  organism  is  fixed  un¬ 
alterably  at  the  moment  that  the  spermatozoon  fertilizes  the 
ovum.  A  single  chromosome  in  the  sex  cell  of  the  male  bears 
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the  responsibility  of  deciding  whether  the  ovum  shall  deve. 
into  a  male  or  a  female.  In  the  immature  sex  ceils  of  the  mar 
(and  in  his  body  cells  generally)  one  of  the  chromosomes,  be¬ 
ing  smaller  than  all  the  others,  can  be  distinguished;  it  is  called 
the  Y-chromosome.  The  other  chromosomes  are  all  alike  and 
are  designated  X-chromosomes.  The  nucleus  of  the  ovum  con¬ 
tains  only  X-chromosomes.  Now  when  the  male  sex  cells  de¬ 
velop  into  mature  spermatozoa  and  reduction  division  occurs, 
the  odd  Y-chromosome  is  present  in  half  of  the  sperm  cells 
together  with  X-chromosomes;  the  others  contain  only  X-chro¬ 
mosomes.  If  a  spermatozoon  possessing  a  Y-chromosome  con¬ 
jugates  with  the  egg,  a  male  will  be  produced;  if  the  sperm  cell 
contains  only  X-chromosomes  a  female  results.  Obviously  it  is 
all  a  matter  of  chance  what  the  sex  of  the  offspring  will  be. 

When  the  gonads  develop,  the  influence  of  the  testicular  or 
the  ovarian  hormone  encourages  development  along  male  or 
female  lines,  respectively.  This  hormonal  influence  is  some¬ 
times  seen  in  a  striking  way  in  cattle  when  as  a  result  of  a 
developmental  anomally  in  the  circulations  of  twin  embryos  of 
opposite  sexes  the  blood  of  the  two  fetuses  is  permitted  to  mix. 
The  female  embryo  then  comes  under  the  influence  of  the  male 
hormone  and  abnormalities  in  its  generative  organs  are  in¬ 
duced.  The  uterus  remains  undeveloped  and  masculinization 
of  other  reproductive  structures  occurs.  The  masculinized  fe¬ 
male  is  called  a  freemartin;  it  is  sterile.  Feminization  of  the 
male  fetus  does  not  occur. 

Segmentation  of  the  fertilized  ovum  and  the  development 
of  the  embryo.  Each  daughter  cell  divides  into  two  and  each 
of  the  four  cells  which  result  likewise  divides.  In  this  way 
groups  of  2,  4,  8,  i6,  32,  64,  etc.,  are  produced  successively.  So, 
by  a  process  of  division  and  redivision,  large  masses  of  cells  are 
formed,  which  ultimately  produce  a  new  individual.  This 
process  whereby  the  fertilized  ovum  undergoes  repeated  divi¬ 
sions  is  called  segmentation  or  cleavage.  With  each  cell  divi¬ 
sion  the  chromatin  breaks  up  into  chromosomes;  as  described 
above  for  mitosis,  each  chromosome  splits  into  half,  and  an 
equal  number  of  halves  go  to  each  new  nucleus.  All  the  cells 
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resulting  from  the  long  series  of  divisions  which  occur  in  the 
development  of  the  offspring  must  therefore  contain  the  same 
number  of  chromosomes  as  did  the  original  fused  nucleus  of 
the  fertilized  ovum,  and  each  receives  chromatin  material  from 
both  parents. 

In  the  earlier  stages  of  embryonic  development  of  the  vari¬ 
ous  mammalian  species,  cell-multiplication  follows  a  common 


Fig.  14-11  First  stages  of  segmentation  of  a  niammalian  ovum  and  the 
formation  of  the  morula  (semidiagrammatic).  (Redrawn  and  modi¬ 
fied  from  Allen  Thomson.) 

pattern.  At  first  a  rounded,  mulberry-like  mass  of  cells  is 
formed,  called  the  morula  (L.  diminutive  of  morus,  a  mul¬ 
berry).  The  morula  soon  differentiates  into  an  outer  and  an 
inner  group  of  cells  (Figs.  14-11, 14-12,  and  14-13) ;  fluid  collects 
within  it.  The  fertilized  ovum  at  this  stage  is  called  the  blas¬ 
tocyst.  The  outer  group  of  cells  now  pressed  excentrically  to 
form  an  annular  wall  is  called  the  trophoblast  (Gk.  trophe, 
nourishment  blastos,  germ  or  primitive  form)  because 
through  its  agency  the  blastocyst  receives  nutriment  from  the 
mother.  The  trophoblast  later  develops  numerous  fringe-like 
processes  which  gives  the  ovum  a  shaggy  appearance.  These 
processes  grow  larger  and  branched  and  are  now  known  as 
chorionic  villi;  the  outer  covering  of  the  ovum  from  which 
they  arise  is  called  the  chorion.  The  more  centrally  situated 
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mass  of  cells  becomes  so  disposed  as  to  form  the  walls  of  two 
sacs  —  the  amnion  and  the  yolk-sac  (see  Plates  15  C  and  16  A, 
and  Fig.  14-12).  The  cells  of  the  area  over  which  the  amnion 
and  the  yolk-sac  come  into  contact  multiply  to  form  a  plaque¬ 
like  elevation  called  the  embryonic  shield  or  disc,  from  which 
the  body  of  the  embryo  is  developed.  The  cavity  of  the  amnion 
enlarges  and  comes  to  enclose  the  embryo,  the  sac  expanding 


Fig.  14-12  The  blastocyst.  On  left,  diagram  showing  the  segregation 
of  cells  of  the  morula  into  an  outer  and  an  inner  group.  (After  Si¬ 
mon.)  On  right,  formation  of  amnion  (A)  and  yolk  sac  (Y).  (After 
Bryce.) 

until  it  comes  into  contact  with  the  inner  surface  of  the  chorion. 
The  yolk-sac  shrinks  and  gradually  disappears. 

When  the  embryonic  shield  is  no  more  than  2  mm.  or  so  in 
diameter,  its  cells  become  arranged  in  two  layers,  separated  by  a 
narrow  space.  The  outer  of  these  layers  is  called  the  ectoderm, 
and  the  inner  one  the  entoderm.  A  little  later  a  third  layer  ap¬ 
pears  in  the  space  between  the  other  two;  it  is  known  as  the 
mesoderm.  From  these  three  germ  layers,  to  give  them  their 
collective  name,  all  the  structures  of  the  body  are  ultimately 
formed  (Fig.  14-14)-  The  nervous  system,  the  greater  part  of 
the  eye,  the  salivary  glands,  the  skin,  the  epithelial  lining  of  the 
nose  and  part  of  the  mouth,  and  the  dental  enamel  originate 
from  the  ectoderm.  The  mesoderm  gives  rise  to  the  skeleton 
and  the  muscles  (both  striated  and  nonstriated),  the  heart, 
blood  vessels,  and  blood,  the  lymphatic  system,  the  kidneys,  the 
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urinary  bladder  (with  the  exception  of  its  epithelial  lining), 
and  the  connective  tissues.  From  the  entoderm  are  dcYcloped 
the  epithelial  linings  of  the  alimentary  and  respiratory  tracts  ex¬ 
clusive  of  those  parts  derived  from  the  ectoderm,  the  epithelium 


Photograph  of  an  8™day  old  blastocyst  of  a  monkey  attached 
to  the  mucous  membrane  of  the  uterus.  Tiie  lighter  area  within  is  the 
embryo  itself.  (After  Heuser  and  Streeter,  Contributions  to  Embryol¬ 
ogy,  479,  Carnegie  Institute  of  Washington,  1937.) 

lining  the  urinary  bladder,  and  the  secreting  {epithelial')  cells 
of  the  liver  and  the  pancreas,  and  of  the  parathyroid  and  thy¬ 
roid  glands. 

The  earlier  of  those  changes  just  described  —  up  to  the  stage 
of  the  blastocyst  and  the  development  of  the  trophoblast  —  take 
place  in  the  Fallopian  tube  while  the  blastocyst  is  being  pro¬ 
pelled  toward  the  uterus  by  ciliary  action  and  peristaltic  move- 
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ments  of  the  tubal  walls.  Between  the  third  and  the  fifth  days 
after  fertilization  of  the  ovum  the  blastocyst  enters  the  cavity 
of  the  uterus.  Through  the  destructive  effect  which  the  troph- 
oblast  exerts  upon  the  uterine  mucosa  and  the  reaction  set 
up  in  the  latter,  the  ovum  is  enabled  to  embed  itself  and,  like  a 
parasite,  obtain  nourishment  from  the  maternal  tissue.  The 
activity  shown  by  the  uterine  mucosa  at  this  time  consists  of 


ECTODERM 


MESODERM 


ENTODERM 


Fig.  14-14  The  germ  layers. 


multiplication  of  the  surface  epithelium  and  elongation  and 
hyperplasia  of  its  glands,  together  with  dilatation  and  twisting 
of  its  vessels.  A  special  type  of  uterine  tissue  is  thus  produced 
called  the  decidua  because  it  is  shed  after  the  birth  of  the  off¬ 
spring  (PI.  16  A).  These  changes  in  the  endometrium  com¬ 
mence  before  the  blastocyst  reaches  the  uterus,  or  after  ovula¬ 
tion,  even  though  fertilization  has  not  occurred  (see  p.  418). 
They  are  dependent  upon  the  action  of  progestin  (proges¬ 
terone).  This  hormone  also  diminishes  the  irritability  of  the 
muscle  of  the  uterus;  any  contractions  of  the  muscle  which 
might  occur  to  disturb  the  secure  implantation  of  the  blasto¬ 
cyst  are  suppressed.  Hyperplasia  of  the  uterine  muscle,  as  men¬ 
tioned  on  page  716,  also  occurs  at  this  time. 

In  Figure  14-15  a  fetus  at  the  age  of  eight  weeks  is  shown 
completely  enclosed  within  the  amniotic  cavity.  Most  of  the 
chorion  has  been  cut  away.  The  chorionic  villi  have  disappeared 
except  where  the  chorion  is  attached  to  the  uterine  wall,  in 
which  situation  they  have  increased  greatly  in  size  and  com¬ 
plexity.  They  are  surrounded  by  spongy  masses  of  decidual 
tissue  consisting  largely  of  blood  spaces;  thus  the  embryonic 
and  the  maternal  tissues  are  intimately  interlocked.  The  cho¬ 
rionic  villi  which  are  supplied  through  a  rich  vascular  system 


736  the  physiology  of  reproduction 

with  fetal  blood  are  bathed  by  the  mother’s  blood.  The  struc¬ 
ture  formed  by  the  union  of  the  maternal  (decidua)  and  em¬ 
bryonic  tissues  is  called  the  placenta.  When  fully  grown,  the 
placenta  is  a  disc-shaped  mass  which  occupies  a  third  or  so  of 


Fig.  14-15  Showing  the  fetus  at  age  of  about  eight  weeks  enclosed  in 
the  amnion,  magnified  a  little  over  2  diameters-  (After  Thomson  from 
Gray’s  Anatomy.) 


the  uterine  wall  (Fig.  14-16).  Though  the  fetal  and  maternal 
circulations  come  into  the  most  intimate  association  in  the 
placenta,  the  blood  in  the  two  sets  of  vessels  does  not  mix;  the 
delicate  capillary  walls  of  the  chorionic  villi  are  interposed. 
Oxygen,  food  materials,  etc.,  are  transferred  across  the  walls 
of  the  chorionic  vessels  from  the  mother  to  the  fetus,  and  car¬ 
bon  dioxide  and  other  waste  materials  from  the  fetal  to  the 
maternal  circulation.  Thus  the  placenta  serves  the  respiratory, 
nutritional,  and  excretory  functions  of  the  fetus. 
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The  law  of  recapitulation  or  biogenesis.  The  vertebrate 
embryo  from  the  earliest  stages  of  its  development  tends  to  re¬ 
call  or  recapitulate  in  a  more  or  less  vague  way  the  forms  of  its 
ancestors  from  a  remote  period  in  its  evolutionary  history.  This 
is  known  as  the  law  of  recapitulation  or  biogenesis.  For  exam¬ 
ple,  the  embryo  of  the  human  species  or  of  any  vertebrate  com¬ 
mences  its  existence  as  two  cells 
(ovum  and  sperm)  fused  into  a 
single  one.  Some  unicellular 
forms  reproduce  by  a  similar  pre¬ 
liminary  fusion  of  two  cells.  The 
segmentation  of  the  fertilized 
ovum  with  the  formation  of  the 
morula  is  identical  with  that  seen 
in  the  development  of  many  of 
the  most  primitive  forms  of  life. 

Again,  in  the  early  vertebrate 
embryo,  including  the  human,  a 
series  of  five  arched  ridges  appear 
in  the  entoderm  of  the  primitive 
pharynx;  corresponding  eleva¬ 
tions  are  to  be  seen  on  the  sur¬ 
face  (ectoderm)  of  the  neck. 

The  arched  ridges  have  a  core  of 
mesoderm,  and  are  known  as  the 
branchial  or  visceral  arches;  the  depressions  or  furrows  between 
them  on  the  outer  aspect  of  the  neck  are  called  the  branchial 
clefts;  the  furrows  (entodermal)  in  the  pharynx  between  the 
arches  are  referred  to  as  the  pharyngeal  pouches  (Fig.  14-17). 
The  branchial  structures  are  found  in  all  vertebrate  embryos. 
From  them  the  respiratory  apparatus  of  fish  is  developed,  the 
tissue  between  the  arches  (branchial  clefts  and  pharyngeal 
pouches)  disappearing  to  leave  slits  which  establish  commu¬ 
nications  between  the  pharynx  and  the  exterior.  In  the  fish, 
the  arches  (with  the  exception  of  the  most  headward  one  which 
goes  to  form  the  jaw)  develop  rich  capillary  plexuses  which 
with  the  supporting  tissue  constitute  the  gills.  Water  taken 


Fig.  14-16  Usual  position 
of  the  fetus  shortly  before 
birth.  I,  placenta;  2,  um¬ 
bilical  cord;  3,  uterus. 
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Fig.  14-17  Drawing  of  a  human  embryo  (A)  at  the  age  of  5^  weeks 
(about  8  mm.  long),  and  of  a  monkey  embryo  (B)  of  about  the  same 
age.  C,  enlarged  drawing  of  the  five  branchial  arches  and  clefts.  The 
inner  aspect  of  the  throat  region  is  exposed  to  show  the  pharyngeal 
pouches. 


into  the  mouth  and  pharynx  is  ejected  through  the  slits  and 
passing  swiftly  ove;r  the  gills  gives  up  oxygen  to  the  blood  in 
the  capillary  vessels  and  receives  carbon  dioxide  in  return.  Ob¬ 
viously  a  respiratory  apparatus  of  this  nature  would  be  quite 
useless  to  an  air-breathing  animal.  But  the  branchial  arches 
of  mammalian  embryos  which  seemingly  at  first  are  designed 
for  the  development  of  gills  are  devoted  to  other  purposes. 
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limbs  and  abdomen.  This  mixed  blood  empties  into  the  right 
auricle;  most  of  it  is  then  directed  through  an  opening  in  the 
interauricular  septum,  called  the  foramen  ovale,  to  the  left  side 
of  the  heart,  but  a  much  smaller  part  passes  into  the  right  ven¬ 
tricle.  The  blood  which  passes  through  the  foramen  ovale 
upon  reaching  the  left  ventricle,  is  discharged  into  the  aorta;  a 
part  is  distributed  to  various  parts  of  the  body;  the  remainder 
is  carried  by  the  umbilical  arteries  to  the  placenta  where  it  is 
reoxygenated  from  the  mother’s  blood. 

The  blood  returned  from  the  upper  part  of  the  body  (head 
and  neck,  upper  limbs  and  thoracic  walls)  enters  the  right  auri¬ 
cle  through  the  superior  vena  cava.  It  then  passes  into  the 
right  ventricle  (without  mixing,  apparently,  with  the  stream 
from  the  inferior  vena  cava  passing  to  the  left  auricle  through 
the  foramen  ovale).  Upon  reaching  the  right  ventricle  it  is 
pumped  into  the  pulmonary  artery,  but  only  a  small  proportion 
is  distributed  to  the  lungs  —  an  amount  sufficient  only  for  the 
nourishment  of  the  pulmonary  tissue.  The  greater  part  is 
short-circuited,  through  a  vessel  known  as  the  ductus  arteri¬ 
osus,  into  the  aorta.  Thus  the  great  bulk  of  the  blood  delivered 
to  the  right  side  of  the  fetal  heart  is  “  shunted  ”  to  the  arterial 
side  by  the  short  cuts  provided  by  the  foramen  ovale  and  the 
ductus  arteriosus. 

With  the -first  few  respirations  the  lungs  of  the  newborn  child 
arc  expanded,  and  the  course  of  the  circulation  becomes  altered 
to  meet  the  requirements  of  an  air-breathing  organism  leading 
an  independent  existence.  The  foramen  ovale  closes  and  the 
channel  afforded  by  the  ductus  arteriosus  becomes  obliterated. 
All  the  blood  reaching  the  right  auricle  is  now  directed  through 
the  pulmonary  circuit.  The  umbilical  vessels  shrink  and  arc 
converted  to  solid  cords.  One  or  other  or  both  of  the  circulatory 
adjustments  which  direct  the  blood  through  the  lungs  at  birth 
may  fail  to  occur.  Then,  owing  to  the  higher  pressure  of  the 
arterial  blood,  a  part  of  it  is  driven  from  the  aorta  into  the  pul¬ 
monary  artery  if  the  ductus  arteriosus  remains  pervious;  also, 
if  the  foramen  ovale  does  not  close,  blood  may  pass  from  the 
left  to  the  right  auricle.  These  abnormalities  cause,  as  a  rule. 
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little  or  no  cyanosis.  But  in  other  types  of  circulatory  defect, 
such  as  a  large  gap  in  the  interventricular  septum  combined 
with  narrowing  of  the  pulmonary  artery,  the  subjects  —  so- 
called  “  blue  babies  ”  —  show  intense  cyanosis. 

If  the  reader  has  followed  the  rather  intricate  course  of  the 
fetal  circulation  he  will  have  observed  that  the  fetal  tissues 
are  never  furnished  with  fully  arterialized  blood ;  the  blood  is 
always  less  saturated  with  oxygen  than  the  arterial  blood  after 
birth.  Yet  strange  to  say,  the  blood  returning  from  the  placenta 
—  that  is,  the  blood  in  the  umbilical  vein  —  has  a  higher  oxy¬ 
gen  saturation  than  the  maternal  blood  in  the  placenta  the 
only  source  from  which  the  fetal  blood  can  obtain  oxygen. 
This  physiological  paradox  has  been  explained  by  the  discovery 
that  the  oxygen  dissociation  curve  of  fetal  hemoglobin  is  dif¬ 
ferent  from  that  of  animals  in  postnatal  life  (p.  273).  The  oxy¬ 
gen  dissociation  curve  of  the  blood  of  the  fetus  is  steeper  than 
that  of  the  mother  —  that  is,  it  lies  more  to  the  left.  This 
means  that  at  a  given  oxygen  pressure  (tension)  the  fetal  blood 
absorbs  a  greater  volume  of  oxygen  than  can  the  mother  s 
blood,  or  than  the  baby’s  blood  will  be  able  to  absorb  after 
birth  (see  Fig.  14-18).  Through  such  a  provision  the  fetus  is 
more  adequately  furnished  with  oxygen  than  would  otherwise 
be  possible. 

Pregnancy  and  parturition.  Pregnancy  or  gestation  is  the 
term  applied  to  the  period  in  the  reproductive  cycle  occupied 
by  the  growth  and  development  of  the  new  organism  within 
the  body  of  the  mother  — that  is,  from  the  fertilization  of  the 
ovum  {conception)  to  the  birth  of  the  young  animal  {parturi¬ 
tion).  Most  of  the  structural  and  physiological  adaptations  of 
the  pregnant  state,  such  as  the  fertilization  and  implantation 
of  the  ovum,  and  the  enlargement  of  the  uterus  and  the  growth 
and  development  of  the  mammary  glands,  have  been  touched 
upon  elsewhere  in  this  chapter.  In  a  book  of  this  scope  little 
more  remains  to  be  written. 

Pregnancy  in  the  human  race  has  a  duration  of  about  280 
days,  or  from  nine  to  nine  and  a  half  months.  From  the  fer¬ 
tilization  and  implantation  of  the  ovum  to  the  eighth  week  the 
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product  of  conception  is  called  the  embryo;  from  this  time  un¬ 
til  birth  it  is  referred  to  as  the  fetus.  From  about  the  middle 
of  pregnancy  onward,  movements  of  the  fetus  occur  of  which 
the  mother  is  aware;  they  are  referred  to  as  quickening.  Suck¬ 
ing  and  spasmodic  movements  of  the  chest  resembling  those  of 
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Fig.  14-18  A  comparison  of  the  dissociation  curves 
of  fetal  and  maternal  hemoglobins. 

respiration  have  been  observed  in  fetal  animals.  The  unborn 
child  lies  within  the  sac  formed  by  the  amnion  and  chorionic 
membrane,  submerged  in  a  fairly  large  body  of  Huid  {liquor 
amnti)  which  serves  to  protect  it  from  sudden  jars  or  injuries 
from  the  outside  world.  The  amniotic  sac  fills  the  uterus,  and 
is  considerably  larger  than  the  fetus  itself  which  is  thus  per¬ 
mitted  a  certain  freedom  of  movement. 

Toward  the  latter  part  of  pregnancy,  the  unborn  child  usu¬ 
ally  takes  up  a  position  with  its  head  directed  downward  and, 
most  frequently,  its  posterior  part  (occiput)  pointing  forward 
and  to  the  left  (Fig.  14-15).  It  is  fitted  in  this  position  into 
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the  cavity  of  the  pelvis.  The  descent  of  the  fetus  is  aided  very 
materially  by  previous  softening  of  the  ligaments  and  capsules 
about  the  pelvic  joints  which  are  loosened  thereby  and  ren¬ 
dered  more  pliable.  Indeed,  this  is  a  process  essential  for  nor¬ 
mal  childbirth.  The  birth  of  the  child  is  brought  about  by 
strong  contractions  of  the  uterine  muscle,  aided  in  the  later 
stages  by  voluntary  contractions  of  the  abdominal  muscles. 
The  contractions  of  the  walls  of  the  uterus,  weak  at  first  and  of 
short  duration,  become  stronger  and  more  prolonged  in  an  hour 
or  two;  they  cause  molding  of  the  infant’s  head  and  gradual 
dilatation  of  the  outlet  of  the  uterus  with  drawing  up  and  dis¬ 
appearance  of  its  neck  or  cervix;  at  the  same  time  the  vaginal 
walls  become  more  pliable  and  distensible.  Later,  the  mem¬ 
branous  sac  enveloping  the  fetus  bulges  into  the  vagina,  and 
after  a  time  ruptures,  a  part  of  the  amniotic  fluid  then  escaping. 
When  the  canal  from  the  uterus  to  the  exterior  has  enlarged 
sufl&ciently  to  allow  the  passage  of  the  baby’s  head,  the  latter  is 
expelled  by  powerful  contractions  of  the  uterus,  accompanied 
usually  by  contractions  of  the  abdominal  muscles.  The  rest  of 
the  child’s  body  follows  almost  immediately  (see  Fig.  14-19). 

For  a  time  the  new-born  babe  still  remains  attached  to  the 
interior  of  the  uterus  through  the  umbilical  cord  and  placenta. 
The  physician  ties  the  cord  with  tape  close  to  the  baby’s  body 
and  divides  it  on  the  mother’s  side  of  the  tape.  Not  until  15 
or  30  minutes  later  is  the  placenta,  and  the  attached  sac  com¬ 
posed  of  the  chorionic  and  amniotic  membranes,  expelled.  The 
placenta  and  membranes  are  commonly  referred  to  as  the  after¬ 
birth.  Labor  or  farturition  is  the  term  given  to  the  series  of 
events  bringing  about  the  emptying  of  the  uterus  and  the  termi¬ 
nation  of  pregnancy. 

A.  consideration  of  the  factors  determining  the  onset  of  labor. 
The  termination  of  pregnancy  at  the  usual  time  is  not  due  to  a 
single  factor,  but  to  several.  A  sufficient  number  of  these  fac¬ 
tors  are  known  to  enable  us  to  draw  in  outline  a  picture  of  the 
mechanism  leading  to  the  precipitation  of  labor.  The  picture 
must  of  necessity  be  incomplete  and  many  details  left  blank  to 
be  filled  in  when  more  knowledge  has  been  gained. 
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It  has  been  stated  (p.  716)  that  the  growth  of  the  uterus 
ceases  between  the  sixth  and  the  seventh  months  of  pregnancy; 
this  is  attributed  to  the  rise,  from  this  time  onward,  of  the  con¬ 
centration  in  the  blood  of  estradiol  which  has  an  inhibitory  ef¬ 
fect  upon  the  growth  response  of  the  uterus  to  distension.  But 
the  fetus  is  growing  rapidly  at  this  time,  and  the  distension  of 


Fig.  14-19  Showing  the  thinning  of  the  lower  segment  of  the  uterus 
and  the  dilatation  of  the  outlet  during  the  fir.st  stage  of  labor.  A,  be¬ 
fore  the  commencement  of  labor;  B,  toward  the  end  of  the  first  stage. 

the  uterus  now  takes  place  in  the  long  axis  of  the  organ.  The 
tension  set  up  in  the  uterine  tissues  tends  gradually  to  com¬ 
press,  narrow,  and  finally  obliterate  many  vessels  supplying 
blood  to  the  placenta.  Degenerative  changes  proceed  in  the 
latter,  and  the  nutrition  of  the  fetus  suffers;  it  must  be  released 
and  take  on  a  new  mode  of  existence  if  it  is  to  survive.  At  the 
same  time  the  output  of  placental  hormones  is  reduced  and 
the  corpus  luteum  undergoes  degeneration.  Thus  the  depress¬ 
ing  effect  of  progestin  upon  the  irritability  of  the  uterine  mus¬ 
cle— an  effect  very  necessary  in  early  pregnancy  — is  with¬ 
drawn.  The  high  concentration  in  the  blood  of  estradiol 
further  increases  uterine  irritability  and  thus  enhances  the  ten¬ 
dency  of  the  uterus  to  contract  under  slight  provocation.  Es- 
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tradiol  also  raises  the  sensitivity  (lowers  the  threshold)  of  the 
uterus  to  the  action  of  the  oxytocic  principle  of  the  posterior 
lobe  of  the  hypophysis.  A  further  word  should  be  said  about 
this  latter  principle.  Its  liberation  is  apparently  under  nerv¬ 
ous  control,  for  in  animals  stimulation  of  the  vagina  or  uterine 
cervix  causes  contractions  of  the  uterus,  a  response  which  does 
not  occur  if  the  stalk  of  the  hypophysis,  along  which  nerve 
fibers  reach  the  posterior  lobe,  has  been  first  divided.  An  oxy¬ 
tocic  substance  is  found  in  the  blood  and  urine  of  women 
in  labor;  though  there  is  a  strong  suspicion  that  this  sub¬ 
stance  is  derived  from  the  hypophysis,  such  has  not  been 
definitely  established.  For  this  reason,  it  is  not  possible  to  esti¬ 
mate  accurately  the  importance  of  the  oxytocic  principle  of  the 
pituitary  body  in  the  mechanism  which  brings  on  labor.  Fur¬ 
thermore,  though  labor  is  sometimes  prolonged  and  difficult  in 
animals  after  hypophysectomy,  in  other  cases  the  young  are 
born  easily  and  within  the  usual  time  after  the  pituitary  has 
been  removed.  It  can  therefore  be  said,  at  any  rate,  that  the 
pituitary  principle  is  not  absolutely  essential  to  the  labor  mech¬ 
anism  (see  Fig.  14-20). 

A  few  facts  in  the  physiology  of  the  fetus  and  the  new-born 
child.  The  beating  of  the  fetal  heart  can  be  heard  in  the  later 
part  of  pregnancy  by  means  of  a  stethoscope  placed  on  the 
mother’s  abdominal  wall  over  the  uterus.  The  heart-rate  runs 
from  140  to  200  per  minute.  In  the  new-born  it  is  around  the 
former  figure.  The  respirations  of  the  new-born  are  from  30 
to  25  per  minute,  as  compared  with  the  adult  rate  of  from  18 
to  20.  The  liver  as  well  as  the  kidneys  of  the  new-born  are 
functionally  immature.  The  infant’s  urine,  like  that  of  certain 
lower  orders  of  animals  (e.g.,  the  frog)  is  hypotonic,  indicating 
that  the  ability  possessed  by  the  adult  kidney  to  concentrate  the 
glomerular  filtrate  has  not  yet  been  acquired  (see  Chapter  7). 
The  high  erythrocyte  count  with  which  the  baby  comes  into 
the  world,  and  the  difference  between  the  hemoglobin  of  the 
fetus  and  that  of  the  new-born  or  of  the  adult  have  been  men¬ 
tioned  elsewhere.  The  destruction  of  the  excess  of  red  cells 
shortly  after  birth,  combined  with  the  functional  immaturity  of 
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die  liver,  accounts  for  die  slight  jaundiced  tint  of  the  skin 
sometimes  seen  in  the  new-born  infant.  The  intestine  of  die 
new-born  contains  a  dark  brown  or  black  tarry  material  known 
a  meconium;  it  is  quite  sterile,  and  for  this  reason,  the  baby  if 
it  does  not  receive  vitamin  K  from  the  mother  in  sufficient 
amounts  before  birth  may  suifer  from  hemorrhages  which  are 


INCREASE  IN  ESTADIOL  CAUSING 


1.  CESSATION  OF  UTERINE  GROWTH 

2.  INCREASED  IRRITABILITY  OF  MUSCLE 

3.  INCREASE  SENSITIVITY  TO  OXYTOCIC  PRINCIPLE 


REMOVAL  OF  INHIBITORY  EFFECT  OF 
PROGESTIN  ON  IRRITABILITY  OF 
UTERINE  MUSCLE 


ELONGATION  OF  UTERUS  (7-9  mo.) 

1.  INTERFERENCE  WITH  PLACENTAL 
BLOOD  SUPPLY 

2.  STRETCH  STIMULUS  CAUSES 
INCREASED  IRRITABILITY  OF 
MUSCLE 


Fig.  14-20  Diagram  summarizing  the  factors  leading  to  ilic  onset  of 

labor. 


sometimes  fatal  (see  p.  435).  After  the  first  day  or  so  of  the 
infant’s  life,  the  danger  passes,  for  by  this  time  bacteria  capable 
of  synthesizing  the  vitamin  have  reached  the  intestine  in  the 
food,  or  have  been  carried  from  the  mouth  in  the  saliva;  the 
hemorrhagic  tendency  is  thus  corrected. 

Most  unconditioned  reflexes  are  well  developed  at  birth.  The 
accommodation  reflex  of  the  eye  is,  however,  usually  in  abey¬ 
ance;  and,  since  the  corticospinal  tracts  of  the  brain  and  spinal 
cord  are  not  fully  developed,  the  plantar  response  (p.  572)  is 
of  the  extensor  type  (Babinski  response). 

The  pucrperium  or  puerperal  period.  This  is  the  period  fol¬ 
lowing  the  third  or  final  stage  of  labor  during  which  the 
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mother  is  recuperating,  and  the  uterus  with  the  other  structures 
of  the  birth  mechanism  are  being  restored  to  the  nonpregnant 
state.  Immediately  following  the  expulsion  of  the  placenta  and 
fetal  membranes  (afterbirth)  the  uterus  contracts  down  to  a 
firm  rounded  body  which  can  be  plainly  felt  by  a  hand  pressed 
upon  the  mother’s  abdomen.  This  strong  gripping  contraction 
compresses  the  open  mouths  of  blood  vessels  and  vascular  spaces 
in  the  uterus,  and  is  essential  to  prevent  excessive  bleeding.  In¬ 
termittent  uterine  contractions  at  this  time  may  be  distressingly 
painful  (“  after  pains  ”).  In  the  days  which  follow,  the  uterine 
muscle  shrinks,  the  redundant  tissue  being  absorbed,  and  the 
uterus  returns  nearly  to  its  virgin  size.  This  process,  which  is 
called  the  involution  of  the  uterus,  is  accompanied  by  a  gradu¬ 
ally  lessening  vaginal  discharge  consisting  chiefly  of  blood  and 
endometrial  debris.  The  completion  of  the  process  of  involu¬ 
tion,  which  takes  about  ten  days,  marks  the  end  of  the  puer¬ 
peral  period. 

The  secretion  of  milk  becomes  well  established  usually  by 
the  end  of  the  first  day  or  so,  and  if  the  baby  is  put  to  the 
breast,  the  act  of  suckling  stimulates  contractions  of  the  uterus 
and  encourages  its  involution. 

The  two  chief  dangers  of  the  puerperal  period  are  hemor¬ 
rhage  and  infection. 
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Abortion, 

and  corpus  lutcum,  493 
and  vitamin  £,  433 
Abscess,  92 

Absorption  from  alimentary  tract,  377 
379 

A-C  interval  of  venous  pulse,  196,  197 
Acceleration,  effects  of  on  circulation, 
164,  165 

Accelerator  nerve,  203,  204 
Accessory  food  factors,  see  V  itaniins 
Accommodation  of  eye,  see  Eye 
of  nerve,  see  Nerve 
Acetone,  in  diabetes,  405 
Acetylcholine,  206,  207,  614,  615 
Achlohydria,  346  ... 

Achromatic  interval,  in  vision,  632 
Achromatism,  657 
Achroddextrin,  329 
Achylia  gastrica,  346,  35^ 

Acid, 

acetic,  15^  1 14,  3^8 
formation  of,  318 
ionization  of,  15 
acetoacetic,  301 
in  diabetes,  405 
amino,  see  Amino  acids 
aminoacetic,  see  Glycine 
ascorbic,  see  Vitamin  C 
aspartic,  393 
carbonic, 

in  blood,  117 
ionization  of,  13,  I4>  ^5 
cholic,  364 
fatty,  407 
essential,  436 
folic,  77,  422,  428 
glutamic,  393  ,  ,  ,  . 

hydrochloric,  Hydrochloric  acid 
p-hydroxybutyric, 

anterior  pituitary  extract  and,  473, 
477 

in  diabetes,  301,  405 
from  fat,  301,  410 

indoxyl  sulfuric,  as  a  detoxicating 
agent,  376 

lactic,  see  Lactic  acid 
nicotinic,  422,  426,  427 
nitric,  13,  14 

nucleic,  26,  359,  400,  401 
oleic,  407 
palmitic,  407 


pantothenic,  422,  427,  428,  434 
para-aminobenzoic,  422,  42B 

and  action  of  “sulfa  drugs,”  241, 
footnote 

sources  and  functions  of  (Table), 
434 

phosphoric, 

ionization  of,  13,  14 
in  muscular  contraction,  447,  448, 
449 

in  nucleic  acid,  400,  401 
pteroylglutamic,  see  Folic  acid 
stearic,  407 
uric,  in  urine,  300 

metabolism  of,  400,  40  t 
Acid-base  balance,  kidney  and,  301,  31 1, 
see  also  Blood,  reaction  of 
Acid  metabolites,  171 
Acidosis,  1 1 9,  120 
in  diabetes,  405 
dyspnea  in,  285 
in  nephritis,  31 1 
Acinus,  38,  39 
Acromegaly,  482 

milk  secretion  in,  498 
ACTH,  see  Hormone,  adrenocortico- 
trophic  hormone 
Actin,  in  muscle,  546 
Action  currents,  in  nerve,  5I3“5^7 

of  cerebrum,  see  Electroencephalogram 
of  heart,  see  Electrocardiogram 
in  muscle,  543 

of  retina,  see  Electroretinogram 
Actomyosin,  in  muscle,  546 
Acute  rheumatic  fever,  cortisone  in 
treatment  of,  4^7 

Adaptation  of  olfactory  nerves,  707 
Addison’s  disease,  467 
Adenine,  400,  401 

Ad.enoma,  of  thyroid  gland,  447>  44° 
of  parathyroid  gland,  458,  459 
Adenosinediphosphate,  547 
Adenosinetriphosphatase  (myosin),  551 
footnote 

Adenosinetriphosphate,  547 
Adiposity,  see  Obesity 
ADP,  see  Adenosinediphosphate 
Adrenal  gland,  3135  458-570 
action  of  pituitary  body  on,  473 
cortex  of,  466ff. 
deficiency  of,  466 
functions  of,  466 
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overactivity  of,  470 
tumor  of,  468,  470 
vitamin  C  in,  429 
in  clasmobranch  Hsh,  458,  459 
histological  appearance  of,  460 
medulla  of,  458ff.,  see  also  Adrenaline 
excision  of,  466,  614 
functions  of,  460-465 
innervation  of,  465 
Adrenalectomy,  466 
Adrenaline,  461-463 

action  of,  compared  with  that  of  pitui- 
trin,  478 

and  body  defenses,  464 
on  capillaries,  221 
on  fatigue  of  muscle,  462,  465 
on  heart,  208 

on  heat  production,  see  calorigenic 
action  of 
on  pupil,  665 

calorigenic  action  of,  461,  462 
formula  of,  461 

in  hastening  of  blood  clotting,  rii, 

.463,  465 

liberation  of,  464,  465 
in  muscular  exercise,  555 
sympathomimetic  action  of,  463 
Adrenosterone,  468 
Adsorption,  22 

African  sleeping  sickness,  230,  231 
After  discharge,  568 
After  images,  66q,  661 
After  pains,  747 
Afterbirth,  747 

Age,  and  basa]  metabolic  rate,  392 
and  blood  pressure,  151 
and  crystalline  lens,  668 
and  velocity  of  arterial  pulse,  167 
Agglutination,  of  bacteria,  234 
of  red  cells,  79,  80 
Agglutinins,  as  antibodies,  234 
in  serum  (blood  groups),  79,  80,  8t 
Agglutinogens,  in  red  cells,  79,  80,  81 
Air, 

alveolar,  264 

composition  of,  268,  269,  270 
atmospheric,  268 

complcmental,  262,  263,  264',  265 
of  dead  space,  264 
expired,  composition  of,  268 
water  vapor  of,  54 
inspired,  composition  of,  268 
temperature  of,  415 
of  lungs,  262-264 
minimal,  263 
reserve,  263 
residual,  263,  265 
supplemental,  262,  263,  264,  265 
tidal,  262,  263,  265 
Air  passages,  248!?. 

Alanine,  393 


Albumin,  395 

of  blood  plasma,  56 

loss  of  in  nephritis,  312 
Alcohol,  and  gastric  secretion,  346 
Alkali  reserve,  117,  118 
Alkalosis,  119,  121 

as  a  cause  ot  tetany,  456 
compensated  and  uncompensated,  121, 
122 

“  All  or  none  ”  law,  sec  Law 
Allergy,  245 
Alpha  particle,  6 
Alpha  rays,  6 
Alvarez,  W.  C.,  377 
Alveolar  ducts,  see  Duct 
Alveolar  sacs,  see  Sac 
Alveolus,  alveoli,  38,  39 
of  glands,  38 
pulmonary,  251,  252 
Anieba,  50 

a  cause  of  dysentery,  230,  231 
Amebic  dysentery,  230,  231 
Amines,  in  large  intestine,  376 
Amino  acids,  392 
absorj)tion  of,  377 
of  blood,  56,  57 
deamination  of,  396 
essential,  398,  399 
glucose  from,  396 
molecular  weight  of,  394 
number  of,  394 
sugar  from,  ree  glucose  from 
utilization  of,  396 
in  various  foods,  399 
Ammonia, 

formation  of,  by  kidney,  301,  311 
in  urine,  300,  301 
Amnion,  733,  734,  73^ 

Ampulla,  of  semicircular  canals,  692 
of  Vater,  354,  365 

Amyl  nitrite,  action  of,  on  coronary  ar¬ 
teries,  224 

Amylase,  pancreatic,  321,  354 
salivary,  sec  Ptyalin 
Amylopsin,  321,  354 
Anabolism,  382 

Anacidity,  see  Gastric  anacidity 
Anacrotic  limb,  see  Arterial,  pulse 
Anaphase,  27 

Anaphylactic  shock,  see  Shock 
Anaphylactogen,  244 
Anaphylactoid  reactions,  245 
Anaphylaxis,  see  Shock,  anaphylactic 
shock 

Androsteronc,  495 
Anclectrotonus,  509,  510 
Anemia,  75!?. 

abnormal  erythrocytes  in,  71 
absence  of  cyanosis  in,  290 
in  Addison’s  disease,  467 
anoxia  in,  288,  289 


aplastic,  77 

due  to  iron  deficiency,  74 
protein  deficiency,  75 
vitamin  deficiency,  75?  4^9 
dyspnea  in,  286 

effect  of,  on  cardiac  output,  141 
fragility  test  in,  88 
hemolytic,  74 
hypochromic,  74 
macrocytic,  74 
microcytic,  74 
nutritional,  74 
pernicious,  75i  7^ 
posthemorrhagic,  74 
varieties  of,  74 
Anemic  anoxia,  288,  289 
Anesthesia,  effect  of,  on  body  tempera¬ 
ture,  420 
Anestrus,  488,  489 
Angina  pectoris,  224 
Anhydremia,  60 

“  Animal  starch,”  see  Glycogen 
Ankle  jerk,  57^^  57^ 

Anode,  in  nerve  stimulation,  508,  509 
Anomaloscope,  658 
Anomalous  trichromatism,  657,  650 
Anoxia,  286-289 
anemic,  288,  289 
anoxic,  286 

at  high  altitudes,  280,  280 
histotoxic,  289 
stagnant,  287 

Anterior  poliomyelitis,  230,  237,  574 
Anthrax  bacillus,  jce  Bacillus 
Anti- A  agglutinin,  81 
Anti-anemic  factor  of  liver,  see  rie- 
matinic  principle  (B12) 

Anti-B  agglutinin,  81 
Antibiotics,  232,  241,  242 
Antibodies,  234 

Antibody-antigen  reaction,  235 
Anticoagulants,  107,  108 
Antimony  tartrate,  as  an  emetic,  351 
Antiperistalsis,  370 

Antipernicious  anemia  factor,  see  Hema- 
tinic  principle  (B12) 

Antipyretics,  420 
Anti-Rh  factor,  83,  84 
Antitoxin,  diphtheria,  237 
Anus,  353 
Aorta,  125,  126 

cross  section  of,  1435  *44 
diameter  of,  143,  I44 
Aortic  body,  219 

Apex  beat,  197  .  . 

APL,  see  Hormone,  antenor-pituitary- 
like 

Apnea,  279,  280 
Apomorphine,  as  emetic,  352 
Appendix,  see  Vermiform  appendix 
Aqueous  humor,  62$,  645 
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Area(s),  of  cerebral  cortex, 
acoustic,  589 
association,  587,  588 
motor,  586,  587,  588,  608 
premotor,  587,  593 
“  silent,”  588,  589,  599 
somesthetic,  588,  589 
visual,  589,  640,  641 
Areola  of  mammary  gland,  718 
Argenine,  393 
Argon  in  atmosphere,  268 
Aristotle’s  experiment,  710 
Armadillo,  730 
Arrectores  pillorum,  34 
Arsphenamine,  240 
Arterial  blood  pressure,  I45ff. 
diastolic,  148 

in  arterial  hypertension,  152 
elasticity  of  arterial  ivalls  and,  154, 

*55-*59  .  .  , 

importance  of,  in  coronary  circula¬ 
tion,  223 

human,  at  different  ages,  151,  152 
effect  of  posture  on,  152 
excessive,  see  Arterial  hypertension 
normal  values  of,  151,  152 
phases  of,  148,  149 
physiological  variations  in,  151,  152 
sex  differences  in,  152 
effect  of  adrenaline  on,  461,  465 
factors  in  maintaining,  154-160 
mean,  149 

measurement  of,  in  animals,  I45“*47 
in  man,  150,  151 
pulmonary,  225 
in  renal  glomerulus,  303 
sinus  nerve  and,  217 
in  sleep,  620 
in  spinal  shock,  575 
systolic,  148 

in  arterial  hypertension,  152 
Arterial  hypertension,  152,  153 
in  chronic  nephritis,  153,  3** 
essential,  153 
experimental,  153 
in  obesity,  410 
primary,  see  essential 
Arterial  pulse,  166-169 

anacrotic  and  catacrotic  limbs  of,  167 
dicrotic  notch  and  wave  of,  168 
length  of,  167 
radial,  197 
speed  of,  166,  167 
Arterioles,  128,  13 1 

action  of  adrenaline  on,  401 
afferent,  of  renal  glomerulus,  295,  296, 

297,  298,  299  . 

caliber  of,  in  relation  to  arterial  blood 
pressure,  152,  I54>  *55>  *5^ 
control  of,  211-219 
cutaneous,  223 
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efferent,  of  renal  glomerulus,  295,  296, 
297,  298,  299 
terminal,  220 

Arteriosclerosis,  caused  by  high  blood 
pressure,  152 
of  coronary  arteries,  224 
(mlse  velocity  in,  167 
Arteriovenous  anastomosis,  413 
Artery  (arteries),  128,  129 
carotid,  125,  128,  129,  130,  216 
and  sleep,  621 
celiac  axis,  129 
central  of  retina,  625 
cerebral,  228,  229 
rupture  of,  165 
coats  of,  130 

coronary,  see  Circulation,  coronary 
occlusion  of,  224 
sclerosis  of,  224 
fcmora.1,  128 
iliac,  128,  129 
innominate,  125,  128,  129 
ligated,  showing  pulse,  167 
mesenteric,  1  29 
pulmonary,  126,  225 
renal,  129,  295,  297,  299 
constriction  of,  153 
structure  of,  130 
subclavian,  125,  128,  129 
umbilical,  739 

Ascheim-Zondek  test,  499,  500 
Asphyxia,  see  also  Anoxia 

in  anaphylactic  shock,  244,  245 
resuscitation  in,  259 
in  tetany,  457 

Asphyxiation,  artificial  respiration  in,  259 
Asthma, 

adrenaline  in,  462 
cortisone  in,  468 
Astigmatism,  670,  671 
Astrocytes,  557 
Ataxia,  574 
cerebellar,  608 

Athletes,  heart  in,  20 1,  21 1,  556 
heart  rate  of,  141 ,  201 
vital  capacity  of,  263,  264,  265 
Athletics,  cause  of  slight  cardiac  en¬ 
largement,  556 

damage  of  diseased  heart  caused  by, 
211,556 

Atom(s),  structure  of,  iff. 
hydrogen,  i,  3,  4 
indestructibility  of,  12 
Atomic  numbers,  2,  3 
Atomic  weights,  2,  3,  4,  5 
ATP,  see  Adenosinctriphosphate 
Atria  of  heart,  122 

Atrioventricular  bundle,  see  Auriculoven- 
tricular  bundle 

Atrioventricular  node,  see  Auriculoven- 
tricular  node 


Atropine, 

action  of  on  heart,  203,  206 
on  gastric  secretion,  346 
on  pupil,  665 
Audiogram,  691 
Audiometer,  691 

Auditory  center,  see  Center,  of  hearing 
Auditory  ossicles,  681,  682,  683 
Auditory  pathway,  680,  68 1 
Auditory  radiation,  589 
Auditory  “  strings,”  684 
Aurcomycin,  242 

Auricles,  of  heart,  122,  124,  125,  129 
Auricular  fibrillation,  199,  200 
Auriculoventricular  block,  18 1,  197,  198 
Auriculovcntricular  bundle,  178,  180,  181 
defective  conduction  in,  198,  199 
Auriculoventricular  node,  178,  179,  igo 
181 

Autointoxication,  376 
Autonomic  nervous  system,  608-6 15 
chemical  transmission  in,  614 
functions  of,  612 

parasym[)athctic  division  of,  see  Para¬ 
sympathetic  nerves 

stimulation  of,  from  semicircular  ca¬ 
nals,  697 

sympathetic  division  of,  see  S)nipa- 
thetic  nerves 

Table,  of  innervated  organs,  613 
A“V,  see  Auriculovcntricular 
Avidia,  428 
Avidin-biotin,  428 

Avitaminosis,  see  Deficiencies  of  various 
Vitamins 

Axis, 

principal  of  lens,  644,  647 
secondary  of  lens,  644,  647 
visual,  662,  663 
Axon,  558,  559 
Axon  reflex,  see  Reflex 

Babinski  response,  572 
in  hemiplegia,  592 
in  newborn,  746 
in  sleep,  620 

Bacilli  of  anthrax,  diphtheria,  tetanus, 
typhoid,  etc.,  231,  232 
Bacteria,  230,  231,  232,  233,  234,' 241 
destruction  of,  by  drugs,  24 1 
in  feces,  380 

synthesis  of  vitamin  B  complex  by, 
232,  429 

of  vitamin  K  by,  232,  435 
Bacterial  toxins,  87,  88,  233,  234 
Bacceriolysins,  234 
Bacteriostatic  drugs,  241 
Barlow’s  disease,  430 
Barr,  Murray,  558 

Basal  metabolic  rate,  389fF,,  see  also 
Metabolism 


action  of  adrenaline  on,  462 

of  thyrotrophic  hormone  on,  475 
of  thyroxine  on,  452 
allowance  of  in  planning  diet,  43» 
determination  of,  389-3 92 
and  surface  area,  389 
Bayliss,  William,  3^8 
Beaumont,  William,^  35<^ 

Beef, 

water  of,  53  i 

caloric  value  of  per  pound,  43» 
Bed-wetting,  3^5 
Berger,  Hans,  590 
Beriberi,  424 
Bernard,  Claude,  215 
Beta  rays,  6  ^  . 

Ricens  icrk,  ree  Reflex,  biceps 
Bill  360-368,  ree  dso  Bile  pigments, 
Bile  salts 

composition  of,  361 
formation  of,  360 
functions  of,  366,  367 
secretion  of,  364 
storage  of,  365 
Bile  pigments,  361 
Bile  salts,  361,  364^  367 
circulation  of,  367 
hydrotropic  action  of,  367 
role  of  in  digestion  and  absorption  ot 
fat,  367  . 

in  absorption  of  vitamin  K,  435 
Bilirubin,  see  Bile  pigments 
Biliverdin,  Bile  pigments 
Biotin,  422,  428,  434 
“Blackout,”  165 
Blastocyst,  732,  733»  734,  735 
“Bleeder,”  113  , 

Bleeding,  see  Hemorrhage 
Bleeding  time,  in,  112 
Blindness,  673,  674,  675,  also  He- 
mianopia 

night,  Night  blindness 

Blind  spot  of  retina,  629 
Blood,  5off. 

acid-base  balance  of,  114“* 
adrenaline  in,  461 

agglutinins  and  agglutinogens  m,  79, 
80 

alkali  reserve  of,  117 
arterial,  225 

buffers  of,  1 16,  1 17  , 

carbon  dioxide  of,  see  Carbon  dioxide 
cells  of,  see  Erythrocytes,  Leucocytes, 
Granulocytes,  etc. 
circulation  of,  see  Circulation 
coagulation  of,  Coagulation  ot 

blood 

composition  of,  55,  56 
corpuscles  of,  see  Erythrocytes,  Leuco¬ 
cytes 

defibrinated,  no 


development  of,  733 

fat  of,  56,  406 

functions  of,  51,  52 

glucose  of,  403,  404,  see  also  Glucose 

incompatible,  79,  80 

hiking  of,  87,  see  also  Hemolysis 

loss  of  water  from,  60 

non-protein  nitrogen  of,  56 

oxygen  of,  see  Oxygen 

oxygen  capacity  of,  69,  70,  272 

pH  of,  120 

plasma,  see  Blood  plasma 
proteins  of,  55 
reaction  of,  114!?. 
regeneration  of,  72,  73 
rouleaux  formation  in,  58 
specific  gravity  of,  55 
transfusion  of,  see  Transfusion 
uric  acid  of,  56,  400 
in  gout,  400 

velocity  of,  see  Blood  flow,  velocity  of 
venous,  225 
viscosity  of,  154 
volume  of,  see  Blood  volume 
Blood-counts,  59 
Blood-dust,  71 
Blood  flow, 

capillary,  137,  i43>  M4»  219,  223 
cerebral,  228 
of  skin,  222,  412 
through  brain,  228 
velocity  of,  throughout  vascular  sys¬ 
tem,  136,  137,  142,  143 
venous,  factors  in,  162,  163 
Blood  groups,  80-82 
Blood  plasma,  55-57 

A-C,  globulin,  108,  see  also  accelerator 
globulin  of 

accelerator  globulin  of,  108 
coagulation  of,  107 
colloids  of,  see  proteins  of 
composition  of,  56,  57 
deproteinized  of  glomerular  nitrate, 

305 

dried,  85 
frozen,  85 
pooled,  84 
proteins  of,  56 
as  buffers,  117 
in  nephritis,  311,  3t2 
osmotic  pressure  of,  65,  66 
in  regulating  blood  volume,  05-67 
in  urine  formation,  303 
“  separated,”  276 
specific  gravity  of,  55 
transfusion  of,  84,  85 
“  true,”  276 
volume  of,  63 
Blood  platelets,  97 

in  coagulation  of  blood,  107,  tocS 
deficiency  of  in  purpura,  113 
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Blood  pressure,  arterial,  see  Arterial 
blood  pressure 

throughout  vascular  system,  13.7,  138, 
142 

venous,  160—162 

Blood  vessels,  classification  and  structure 
of,  I28ff. 
control  of,  aiijff. 
development  of,  233 
Blood  volume,  63 

and  arterial  blood  pressure,  154,  156 
and  body  temperature,  413 
effect  of  antipyretics  on,  420 
reduction  of,  see  Hemorrhage 
regulation  of,  63,  64,  66,  67 
restoration  of  after  hemorrhage,  78 
“  Blue  babies,”  741 
BMR,  see  Basal  metabolic  rate 
Body  fluids,  51,  see  also  Blood,  Blood 
plasma,  Lymph,  Urine,  etc. 
alkali  reserve  of,  117 
buffers  of,  ii6,  117 
distribution  of,  52 
pH  of,  1 16 

regulation  of  reaction  of,  H4ff. 
restoration  of,  after  hemorrhage,  78 
Body  temperature,  4nff'. 
effect  of  adrenaline  on,  417 
of  various  drugs  on,  420 
in  fever,  418,  see  also  Fever 
hypothalamus  and,  594 
muscle  tone  and,  417 
in  muscular  exercise,  41 1 
regulation  of,  41  iff. 
chemical  factors  in,  416 
physical  factors  in,  412 
role  of  endocrincs  in,  417 
in  sleep,  620 

Brachium  conjunctivum,  see  Peduncle, 
superior  cerebellar 

Brachium  pontis,  see  Peduncle,  middle 
cerebellar 
Bradycardia,  201 
Brain, 

convolutions  of,  584,  585 
fissures  and  sulci  of,  584,  585 
gyri  of,  see  convolutions  of 
various  parts  of,  583!?. 

Brain  stem,  585 

Branchial  arches  and  clefts,  738,  739 
Breast,  see  Mammary  gland 
Breathing,  see  Respiration 
forced,  279 

tetany  caused  by,  456 
periodic,  284 
shallow,  284 
Brewer’s  yeast,  434 
Bright’s  disease,  see  Nephritis 
Bronchial  tree,  elasticity  of,  253,  254 
Bronchioles,  248,  249,  250 
effect  of  adrenaline  on,  462 


respiratory,  251 

spasm  of,  in  anaphylactic  shock,  244 
terminal,  251 

Bronchus  (bronchi),  248,  249,  250 
Brown,  Robert,  21 
Brownian  movements,  21,  22 
Bucket  handle  movement  of  ribs  2S‘7 
.  258  ’ 

Buffers,  in  perfusion  fluid,  176,  177,  178 
of  blood  and  body  fluids,  116,  1/7 
”  Building  stones  ”  of  protein,  396 
Bundle  branch  block,  181 

Caffeine,  diuretic  effect  of,  309 
Calciferol,  431 
Calcium,  2,  3 
in  blood,  57 
carbonate  of,  8 
in  bone,  46 
chloride  of,  formula,  8 
deposition  of,  in  kidney  in  hyperpara¬ 
thyroidism,  458 
effect  of,  on  heart,  175,  176 
equivalent  weight  of,  10 
excess  of,  in  blood,  see  Hypercalcemia 
excretion  of,  in  hyperparathyroidism, 
458 

importance  of,  in  perfusion  of  the 
heart,  175 

ionized  in  coagulation  of  blood,  107, 
108,  no,  1 12 

metabolism  of,  and  vitamin  D,  431 
in  relation  to  inositol,  428 
requirement  of,  in  diet,  440 
in  serum  in  tetany,  454,  455 
in  urine,  300 
Calcium  paracasein,  340 
Calcium  rigor  of  heart,  175,  176 
Calorie,  definition  of,  383 
requirements  of  diet,  436,  438 
values  of  various  foods,  385 
Calorimeter,  383,  384,  385 
bomb,  384,  385 
clinical,  386,  390 
383 

Calorimetry,  383!?. 

Canal  (s), 
anal,  316,  353 
central,  of  spinal  cord,  598 
Haversian,  47 
semicircular,  690-700 
in  sea-sickness,  351 
Canaliculus  (canaliculi) 
biliary,  361,  362 

intra-  and  intercellular  in  gastric 
glands,  339 

Cane  supr,  see  Sucrose 
Cannon,'  W,  B.,  463 
Capillary  (capillaries),  128,  132,  aipff. 
action  of  various  chemicals  on,  221 
amphibian,  132 


circulation,  see  Circulation,  capillary 
innervation  of,  221 
of  lung,  225 
of  muscle,  221 
permeability  of,  132 
pressure  in,  160 
^le  of,  132 
of  skin,  222 
structure  of,  13I1  ^3^ 
vitamin  C  and,  429 
“  Capillary  lake,”  143 
Capillary  loops,  observation  of,  m  skin, 
160 

Capon,  486  .,11 

Capsule,  internal,  see  Internal  capsule 
of  cartilage  cells,  45 
of  crystalline  lens,  645 
Carbohemoglobin,  276 
Carbohydrate  (s), 

classification  of,  401,  402 
combustion  of,  386 
cycle,  ree  Carbohydrate  cycle 
dietary  requirement  of,  392 
as  energy  store,  384 
as  fuel  for  muscular  work,  554 
heat  equivalent  of,  385 
history  of  in  body,  403 
metabolism  of,  40  iff.,  see  also  Glu¬ 
cose 

adrenaline  and,  461,  463,  464 
anterior  pituitary  and,  473,  476 
in  diabetes,  406 
hormones  and,  407 
insulin  and,  405 
nervous  system  and,  407 
posterior  pituitary  and,  479 
thiamine  and,  426 
and  muscular  contraction,  549 
oxidation  of,  404,  406 
sparing  action  of,  397)  39^ 
Carbohydrate  cycle,  404,  463,  548,  549 
adrenaline  and,  463 
in  muscular  contraction,  548,  549 
Carbon, 

atomic  weight  and  number  of,  2 
equivalent  weight  of,  10 
percentage  of,  in  body,  3 
Carbon  arc,  430 
Carbonic  acid,  see  Acid 
Carbonic  anhydrase,  118 
Carbon  dioxide, 

action  of,  on  capillaries,  221 
on  heart,  208,  209 
in  alveolar  air,  268,  269,  280 
in  arterial  blood,  271,  272 
arterio-venous  difference  of,  141 
in  atmosphere,  268,  269 
carbonic  anhydrase  and,  118 
in  control  of  respiration,  278-281 
elimination  of,  246,  247,  268,  269, 
270,  279 


INDEX  757 

and  determination  of  the  basal 
metabolic  rate,  391 
and  determination  of  cardiac  output, 

and  determination  of  respiratory 
quotient,  387 
by  fetus,  736 

in  regulation  of  acid-base  balance, 
116,  117 

formula  of,  8 
in  inspired  air,  268,  269 
partial  pressure  of,  at  high  altitudes, 
280 

produced  in  tissues  by  the  oxidation  of 
food,  383,  386 

transport  of  in  the  blood,  275 
use  of,  in  carbon  monoxide  poisoning, 
288,  289 

in  resuscitation  of  apparently 
drowned,  262 
Cardiac  cycle,  iSaflf. 

periods  of,  183,  184,  185 
Cardiac  failure,  21 1 

in  coronary  occlusion,  224 
dyspnea  in,  211,  285 
edema  in,  xo6 
in  hypertension,  152 
Cardiac  hypertrophy,  191,  210,  556 
in  arterial  hypertension,  152 
Cardiac  nerves,  20 iff.,  also  Vagus 
nerve.  Accelerator  nerve 
humoral  transmission  of  effects  of,  207 
inhibitory,  see  Vagus  nerve 
sensory,  206 

Cardiac  output,  140,  141 
defined,  263 

effect  of  various  conditions  on,  141 
factor  in  maintaining  blood  pressure, 

154, 

muscle,  see  Muscle,  cardiac 
in  muscular  exercise,  140,  555 
Cardiospasm,  334 
Carlson,  C.  J.,  343 
Carotene,  422 

Carotid  body,  219,  280,  281 

in  control  of  respiration,  282,  283 
Carotid  sinus,  in  control  of  circulation, 
216,  217,  218 
of  respiration,  282,  283 
syncope  or  convulsions,  due  to  hyper¬ 
sensitivity  of,  218 
Carpopedal  spasm,  456,  457 
Cartilage,  45)  4^ 
arytenoid,  291 
cricoid,  290 
thyroid,  290,  291,  333 
of  trachea  and  bronchi,  249*  ^5® 
Casein,  399 
Caseinogen,  340 
Castor  oil,  380 
Castration,  486 
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Catabolism,  382 

Catacrotic  limb,  sec  Arterial  pulse 
Catalyst,  318,  319 
thyroxinas,  453 
Cataract,  674,  675  • 

Catelcctrotonus,  509,  510 
Cathartics,  380 

Cathode  in  stimulation  of  nerve,  509 
Cations,  13 

impermeability  of  er)throcytes  to,  67 
importance  of  in  perfusion  of  heart, 

175,  176 

Cecum,  317,  352 
Cell(s),  23 ff. 

acidophil  (alpha)  of  pituitary,  472 
anterior  horn,  563 
of  anterior  lobe  of  pituitary,  472 
basophil  (beta),  422 
of  blood,  89,  Plate  2 
of  anterior  lobe  of  pituitary,  422 
Betz,  586 

of  blood,  see  Erythrocytes,  Leucocytes, 
etc. 

of  bone,  47 
cartilage,  45,  46 
of  cerebellar  cortex,  605,  606 
chief  of  gastric  glands,  336,  339 
chromophil  and  chromophobe  of 
pituitary,  472 

of  Corti’s  organ,  679,  6B0 
endothelial,  36,  37 
epithelial,  29-39 
ciliated,  30 
columnar,  29,  32 
ciiboidal,  31,  32 
of  glands,  38 
squamous,  31,  32 
stratified,  31 
fat,  33 

ganglion,  of  retina,  626,  627,  628,  641 
goblet,  35,  37 

of  gastric  mucosa,  340,  341 
of  intestinal  glands,  358,  359 
hair,  of  basilar  membrane,  679 
of  semicircular  canals,  692 
hepatic,  362 

interstitial,  of  testes,  495 
KupjflFer,  362 
of  Leydig,  495 

action  of  luteinizing  hormone  on, 

.  497 

of  liver,  362 

of  mammary  gland,  717,  719 
mucous  and  serous  of  salivary  glands, 
324,  3^5 

mucus  secreting  of  stomach,  336 
muscle,  see  Muscle,  skeletal 
nerve,  557 
neuroglial,  557,  558 
oxidation  of  food  by,  384 
of  pancreas,  354 


of  Paneth,  358,  359 
parietal,  of  stomach,  336,  339 
pigment,  of  frog’s  skin,'  579 
of  human  skin,  35 
of  retina,  628,  629 
of  posterior  lobe  of  pituitary,  472 
Purkinje,  of  cerebellar  cortex,  606 
of  heart,  178,  180,  181 
pus,  92 

pyramidal,  of  cerebral  cortex,  586 
reticulated,  Reticulocyte 
of  retina,  626-629 
serous,  of  salivary  gland,  324,  32s 
of  Sertoli,  72 1 

of  sex,  728,  ire  also  Ovum,  Sperma¬ 
tozoon 

maturation  of,  725fl. 
spcrmatogcnic,  493 
action  ol  follicle-stimulating  hor¬ 
mone  on,  497 
Cellulose,  380,  381,  402 
Center  (s), 

auditory,  589,  680,  68  r,  687,  688 
cardio-inhihitory,  202,  205 
in  cerebral  cortex,  583 
conu-oHing  adrenaline  secretion,  465 
expiratory,  277,  278 
of  hearitpg,  589,  680,  68 r,  687,  688 
heat,  417,  419 
inspirator}*,  277,  27B 
olfactory,  706 
paras>’mpathetic,  609 
and  sicej),  621 
pneumotaxic,  277,  278 
reflex,  562,  571 
after  discharge  from,  368 
central  excitatory  and  inhibitory 
states  in,  568,  569 
reciprocal  inhibition  in,  568 
susceptibility  to  oxygen  lack,  anes¬ 
thetics,  fatigue,  etc.,  567 
summation  in,  568 
respiratory,  276,  277,  278,  280,  281, 
282 

salivatory,  326 
in  conditioned  reflexes,  616 
of  taste,  703 

vasomotor,  213,  214,  215 
isolation  of,  575 
visual,  589,  638,  640,  641 
vital,  599 
vomiting,  352 

Central  body,  see  Centrosphere 
Central  excitatory  state,  568 
Central  inhibitory  state,  569 
Central  nervous  system,  557ff. 
Centrifugal  force,  effect  of  on  circula¬ 
tion,  164 
Ccntriole,  28 

Centrosome,  see  Centrosphere 
Centrosphere,  26 
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Cephalic  phase  of  i?astric  secretion, 
Psychic  phase 
Cephalin,  4<^^9 

Cereals,  minerals  of,  439?  44^^ 

Cerebellar  disease,  6o8 
Cerebellum,  605-608 
functions  of,  607,  608 
hemispheres  of,  607,  608 
nuclei  of,  606 
peduncles  of,  606 
Cerebral  apoplexy,  59^ 

Cerebral  aqueduct,  59 5i  5965  597 
Cerebral  cortex,  583,  5^5^  5^^ 
areas  of,  58561- 
cell  layers  of,  585,  586,  58s 
electrical  currents  of,  see  Electroen¬ 
cephalogram 

localization  of  function  in,  585 
motor  area  of,  554^  586 
Cerebrum,  58316- 

cortex  of,  see  Cerebral  cortex 
electrical  currents  of,  .fee  Electroen¬ 
cephalogram 

lobes  of,  586,  587,  58B 
peduncles  of,  see  Peduncle 
fissures  of,  584,  585 
Cervix  of  uterus,  7151  7^6) 

dilatation  of,  in  labor,  718,  743,  744 
cH,  1 1 5 

Chalonc,  346,  44^ 

Cheese, 

calorie  value  per  pound,  439 


proteins  of,  399 
Chemical  compounds,  8 
Chemical  decomposition,  ii,  12 
’Chemical  formulas,  7 
Chemical  reactions,  8ff. 

Chemical  symbols,  7 
Chemoreceptors,  280,  283 
of  smell,  704,  706 
of  taste,  700 

Chemotherapy,  240,  241 
Chickenpox,  231 
Childbirth,  see  Labor 
“  Chill  ’’  of  fever,  419 
Chloride  shift,  n8,  119,  120 
Chlorine, 

atomic  weight  and  number  of,  2 
isotopes  of,  5 
percentage  of,  in  body,  3 
Chloroform  and  hemolysis,  87,  88 
Chlorophyl,  68,  382,  383 

and  regeneration  of  blood,  72 
Cholccystokinin,  366 
Cholesterol,  408 

in  adrenal  cortex,  468,  469 
in  bile,  361 
in  blood,  56 
in  erythrocytes,  58 
Choline,  206,  409,  422,  428 
Cholinester,  see  Acetylcholine 


Cholinesterase,  208 
Chordae  tcndincae,  124,  125,  190 
Chorion,  732,  733 
Chorionic  villi,  732,  735,  736 
Choroid  of  eye,  625,  626,  646 
Chromatic  aberration,  667 
Chromatin,  26 
Cli  r o m o pr otci  n ,  395 
Chromosomes,  28 

in  determination  of  sex,  731 
of  fruit  fly,  729 
of  man,  729 

in  segmentation  of  ovum,  731 
of  sex  cells,  727,  729 
Chronaxie,  see  Nerve 
Chvostek’s  sign,  457 
Chyle,  J05 
Chyme,  349 
C,ilia,  30,  248 
Ciliary  body,  645,  646 
Ciliary  processes,  645,  646 
Ciliated  protozoa,  231 
Circulation  (of  the  blood),  I22ff.,  see 
dlso  Blood  flow 
capillary,  aipff. 
ccrcbral,  228,  229 
coronary,  223 

cross  area  of,  136,  137,  142,  I43> 

144 

effect  of  acceleration  on,  164 
of  gravity  on,  162 
evolution  of,  51 
fetal,  738-“74I 
greater,  see  systemic 
hemodynamics  of,  i33ff. 
hepatic,  226,  227 
of  human  skin,  222,  412,  413 
lesser,  see  pulmonary 
models  of,  i33“L38 
pulmxmary,  127,  225,  226 
systemic,  127 

Circulation  rate,  ice  Cardiac  output 
Citrates  as  anticoagulants,  108,  109 
Clitoris,  725 
erection  of,  725 
vasodilator  fibers  to,  610 
Clotting  of  blood,  see  Coagulation  of 
blood 

Clotting  of  milk,  see  Milk 
Coagulation  of  the  blood,  io6ff.,  Plate  i 
calcium  and,  112 

effect  of  adrenal  on,  in,  463,  465 
in  hemorrhage,  78 
mechanism  of,  107,  108 
defects  of,  1 1 2 

time  of,  see  Coagulation  time 
vitamin  K  and,  109,  435 
Coagulation  time,  ii,  Ji3 
Cobalt, 

atomic  weight  and  number  of,  2 
in  crythropoiesis,  73 
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“trace  element”  ot  diet,  441 
in  vitamin  B12  77 
Cocci,  231,  232 
pyogenic,  234 
Cochlea,  680 

anah’sis  of  sound  by,  685: 
representation  of,  in  cerebral  cortex, 
687,  688 

Coitus, 

ejaculation  of  semen  in,  723 
orgasm  of,  722 

Colliculi,  596,  597,  ‘>83,  607,  680 
Collip,  ].  B.,  435,  499 
Colloid  of  tliyroid  gland,  442 
Colloids,  196'. 

of  plasma,  scr  Blood  plasma,  proteins 
of 

Colon,  317,  353,  see  also  Intestine,  large 
spastic  in  constipation,  374 
Color  (s), 

complementary,  659,  660 
confusion,  658 

contrast  effects  of,  658,  659,  660 
of  paints,  659,  footnote 
primary,  655 

retinal  areas  sensitive  to,  656 
of  skin,  222 
vision,  see  Color  vision 
Color  blindness,  637,  658 
of  dog,  619 

partial,  see  Vision,  anomalous  trichro¬ 
matic 
tests  for,  658 
Color  chart,  659 
Color  vision,  635,  656 
anomalous,  657,  658 
dichromatic,  657 
Colostrum,  497 
Coma  in  diabetes,  405 
Combining  vycights,  see  Equivalent 
weights 

Comfort  zone,  417 
Common  cold,  230 

Compensatory  pause  following  extrasys- 
tole,  172 
Conception,  741 
Conditioned  reflexes,  615-619 
extinguishing  of,  618 
gastric,  343 
reinforcement  of,  616 
salivary,  327 
and  sleep,  622,  623 
see  also  Reflex,  conditioned 
Conditioned  stimuli,  617,  618,  619,  623 
Conduction, 

in  cardiac  muscle,  169,  173 
of  heat  from  body,  412,  413,  415 
in  nerve,  517,  521 
property  of  protoplasm,  24 
Cones  of  retina,  see  Rods  and  cones 
Conjunctiva(ae),  /624,  625 


axonc  reflexes  in,  573 
in  vitamin  A  deficiency,  423,  434 
Constipation,  374,  375 
Constrictor  pu|)i!lae,  664,  665 
Contractility  of  cardiac  muscle,  169,  170 
Contracture  of  skeletal  muscle,  559,  5^1 
Contrast  in  vision,  658,  659,  660 
Convulsions,  tetanic,  457 
Copepods,  vitamin  I)  in,  431 
Coppicr, 

atomic  weight  and  number  of,  2 
in  erythro|)oiesis,  73 
as  “  trace  element  ”  in  diet,  441 
Copper  sulphate,  emetic  action  of,  351 
Ch)rn,  see  Maize 
('ornea,  624,  623 

asiigmatisin  and,  671,  672 
opacities  of,  673 
pain  libers  in,  239,  708 
in  vitamin  A  deficiency,  423,  424 
Corona  radiata  of  ovum,  713,  714 
Coronary  occlusion,  224 
Coronary  sinus,  178 

Coronary  thrombosis,  see  Coronary  occlu¬ 
sion 

Coronary  vessels,  nre  Circulation,  coro¬ 
nary' 

Corf'jora  cavernosa  penis,  723,  724 
Corpus  callosum,  384,  585,  390 
Corpus  cavernosum  urethrae,  723,  724 
Corpus  luccum,  491,  492,  493,  714 
degeneration  of,  in  late  pregnancy,  744 
and  dcvelo[)ment  of  the  mammary 
glands,  494,  716 
hormone  of,  see  Progestin 
and  menstrual  cycle,  490 
and  the  placenta,  493,  734 
in  postestrus,  488 

in  pseudopregnancy,  see  in  postestrus 
stimulation  of,  by  pituitary,  496 
Corpus  striatum,  587,  391,  592,  593,  594 
disease  of,  594 
Corpuscle  (s), 

of  blood,  see  Erythrocytes,  Leucocytes 
Malpighian  of  kidney,  see  Glomerulus 
of  kidney 
Meissner’s,  708 
Pacinian,  707,  708 
of  spleen,  99 
Cortex, 

adrenal,  see  Adrenal  gland 
cerebral,  see  Cerebral  cortex 
Corticosterone,  468 

Cord’s  organ,  479,  681,  see  also  Mem¬ 
brane,  basilar  membrane 
Cortisone,  467,  475 
Cough,  283,  284 
Cowpox,  237 
Creatine, 
in  blood,  56 

in  muscular  contraction,  547 
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Creatinine, 
in  blood,  56 
in  urine,  367 

Crenation  o£  erythrocytes,  02, 
Cretin,  448,  449>  450 
Cretinism,  see  Cretin 
“  Cross  eyes,”  see  Strabismus 
Crypts  of  Leiberkuhn,  359 
Crystalline  lens,  625,  644,  645 
absence  of,  672 
astigmatism  and,  671,  072 
opacity  of,  see  Cataract 
shape  of,  at  different  ages, 
Cumulus  odphorus,  713 
Curd  of  milk,  340 
“Curled  toe”  in  chicks,  427 
Cvanide  poisoning,  289 


63 


Cyanosis,  689 
absence  of  in 


severe  anemia,  289,  290 


in  cardiac  failure,  21 1 

due  to  congenital  cardiac  defect,  741 


in  tetany,  4^7 
Cyclotron,  6 
Cystine,  393 
Cytoplasm,  26,  657 
of  nerve  cells,  557 


Dalton,  John,  I,  267 
Dead  space  of  air  passages,  265,  270 
Dpfncss,  689-691 
tests  for,  691 
Deaminase,  321 

Deamination,  of  amino  acids,  399 
of  nucleotides,  400 

Death  due  to  coronary  occlusion,  224 
Decerebrate  rigidity,  575 
Decidua,  734,  736  ,  • 

Decomposition  of  amino  acids  in  intes¬ 
tine,  see  Chemical  decomposi* 
tion 

Decortication  of  cerebrum,  595 
Decussation  of  fibers  in  brain  stem,  599 
Defecation,  374 
Defibrination  of  blood,  no 
Deficiency  diseases,  see  specific  names, 
Rickets,  Scurvy,  etc. 

Deglutition,  see  Swallowing 

Dehydrogenase,  1 1 

Demilunes  of  Gianuzzi,  324,  325 

Democritus,  1 

Dendrites,  558,  559,  5^1 

Dental  caries,  431 

Dental  enamel,  derived  from  ectoderm, 

783 

Dermis,  3i»  32,  33 
Desivac  process,  85 
Desoxycorticosteronc,  467,  468 
Deutcranopia,  657 
Dextrins,  329,  402 
Diabetes  insipidus,  308,  4^5 
Diabetes  mellitus,  404,  405,  40b 


cataract  in,  674 

ketosis  (ketones)  in,  301,  405 

obesity  and,  410 

and  susceptibility  to  infection,  240 
theories  of,  406 
Dialysis,  20 
Diapedesis,  91 
Diaphragm,  252,  256 
central  tendon  of,  256 
movements  of,  256 

Diastasis  period  of  cardiac  cycle,  183,  185 
Diastole,  see  also  Cardiac  cycle 
auricular,  182 
ventricular,  186 
Diastolic  blood  pressure,  148 
in  arterial  hypertension,  152 
increase  with  age,  151 
maintenance  of,  1 57-1 59 
measurement  of,  150,  151 
and  posture,  152 
Dicoumarin,  109 

Dicrotic  notch  of  arterial  pulse  wave,  168 
Dicrotic  wave,  see  Wave 
Diet,  43611. 

and  constipation,  375 

effect  of  inadequate,  437 

planning  of,  436ff. 

in  regeneration  of  blood,  73 

in  regulation  of  intestinal  movements, 

;  381 

requirements  of,  436 
“  trace  elements  ”  in,  441 
Dietetics,  436,  see. also  Diet 
Differentiation, 
of  cells,  28 

in  conditioned  reflexes,  619 
Diffusion,  266,  267 
Digestion,  3i6ff. 

effect  of,  on  cardiac  output,  141 
in  intestine,  352ff. 
in  mouth,  323ff. 
in  stomach,  335ff* 

Digitalis,  action  of,  on  heart,  206 
Dilator  pupilac,  664 
Dinitrophenol,  420 
Dipeptids,  355,  395 
Diplococci,  231,  232 
Diplopia,  642 

Disaccharidides,  359»  3^0,  402,  403 
intestinal  digestion  of,  360 
Discus  proligerus,  see  Cui^nlus  obphorus 
Dispersed  phase  of  colloid  solutions,  20 
Dispersion  phase  of  colloid  solutions^  19 
Dissociation  of,  see  Ionization 
Distance,  visual  perception  of,  652,  653, 

Distance  receptors,  560 
Diuresis,  309>  3io  . 

in  diabetes  insipidus,  485,  40b 
v^ratcr,  309,  310 
Diuretics,  309,  31  c) 


25 
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Drinker  method,  259,  261,  262 
Drum  of  ear,  676,  677 
Duct(s),  38 
alveolar  of  lung,  251 
Bartholin’s,  323 
cochlear,  678,  679 
common  bile,  364,  365 
cystic,  364,  365 
ejaculatory,  721,  722 
hepatic,  364,  365 
lactiferous,  717,  718 
pancreatic,  365 
of  Rivinus,  323 
salivary,  323 
Stenson’s,  323 
Wharton’s,  323 
Ductus  arteriosus,  740 

Ear,  675“’699.  See  also  Hearing 
feeling  threshold  of,  689 
muscles  of,  677' 
ossicles  of,  676,  677 
receptors  of,  679,  6k),  687,  693 
structure  of,  675-681 
Ear-stones  (otoliths),  693 
Ectoderm,  733,  735,  737 
Edema,  106 
in  cardiac  failure,  21 1 
local,  see  Urticaria 
in  nephritis,  311 

sec  also  Ovum 

caloric  value  of  per  pound,  439 
proteins  of,  399 

Egg  albumin,  molecular  weight  of,  394 
Egg-white,  absorption  of,  377 
Egg-white  injury,  biotin  and,  428 
Egg  yolk,  vitamin  A  in,  422 
Einthoven,  Wilhelm,  193 
Ejaculation,  723 
Elastic  cartilage,  45,  46 
Elastin,  43,  395 

Electrical  currents.  See  also  Action  cur¬ 
rents 

in  brain,  see  Electroencephalogram 
demarcation,  see  of  injury 
in  heart,  see  Electrocardiogram 
of  injury,  514,  515,  516 
in  muscle,  543 
in  nerve,  5i3ff* 

in  retina,  see  Electroretinogram 
Electrocardiogram,  194,  195,  196 
Electrocardiograph,  193,  194 
leads  of,  191,  192,  193,  194 
Electroencephalogram,  590,  591 
Electrograms,  of  heart,  193 
Electrolysis,  13,,  14 
Electrolytes,  14^’  15 
amphoteric,  394 
Electrons,  3,  4 
Electroretinogram,  637 
Elcctrotonus  in  nerve,  509,  510 


Elements,  i 

percentages  of,  in  body,  ? 

Table  of,  2 

,  “  trace  ”  in  diet,  441 

Embryo,  development  of,  73 iff.,  s„  ^ 

Fetus 

Embryonic  disc,  see  Embryonic  shield 
Embryonic  shield,  733 

Emergency  theory  of  adrenal  function 

463.  464  ’ 

Emesis,  see  Vomiting 
Emetics,  351' 

Emrnctropia,  668,  669 
Emotion  (s) 

and  adrenal  medulla,  464 
effect  of,  on  arterial  blood  pressure 
156  ■  ’ 

on  cardiac  output,  141 
on  gastric  secretion,  343,  344 
on  heart  rate,  201 
on  respiration,  281 
and  hypothalamus,  594 
and  muscular  work,  554,  555 
and  sympathetic  nervous  system,  614 
Empyema,  253 
Emulsion  (s),  18 
in  small  intestine,  356 
End-fcqt,  560,  561 
End -organs,  see  Receptors 
Endocardium,  124 

Endocrincs,  442^.  See  also  specific 
names,  Adrenal  gland,  Pitui¬ 
tary  body,  Thyroid  gland,  etc. 
Endolymph  of  labyrinth,  679,  695 
Endometrium,  689,  690,  715,-  716,  734 
Endomysium,  41,  42 
Endoncurium,  502 
Endothelium,  36,  37 
Endothermic  reaction,  382 
Energy, 

balance,  see  Energy  balance 
conservation  of  (law),  384 
expenditure  of,  in  muscular  work,  545 
intake  and  output,  in  relation  to  obes¬ 
ity,  41 1 

output  of,  384,  41 1 

source  of,  for  muscular  contraction, 

549,  553,  554 
storage  of,  384,  41 1 
transformation  of,  383,  384 
value  of  different  foods,  385 
Energy  balance,  384 
Entcrogastrone,  346 
Entcrokinase,  355 
Entoderm,  733,  735,  737 
Environment, 
internal,  51,  247 

autonomic  nervous  system  in  regu¬ 
lation  of,  613,  614 

external,  temperature  of,  and  body 
temperature,  416 
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Enzymes,  317^- 

actions  of,  3^9>  3^° 
amyoiytic,  321 
bacterial,  241 

dehydrogenating,  i  i 

of  gastric  juice, 
lypdiytic,  3^^  .  Q 

in  muscular  contraction,  540 
nonmenclature  of,  321 
oxidizing,  Hj  32X 
of  pancreatic  juice,  354 
proteolytic,  3^^ 
of  tissues,  318 

and  vitamin  B  complex,  429 
Eosinophil  leucocytes,  89,  93,  2 

Eosinophilia,  94,  95 
Epidermis,  31,  3 2,  33 
Epididymus,  720,  722 
Epiglottis,  292,  333 
taste  buds  in,  702 
Epimysium,  41,  42 
Epinephrine,  sec  Adrenaline 
Epincurium,  502,  503 
Epiphysis,  46 
Epithelium,  29ff. 
ciliated,  30,  35,  248 
of  gastric  mucosa,  336 
germinal,  492,  7^2,  7^3 
of  glands,  38 
of  intestine,  357-359 
olfactory,  248,  705 
of  skin,  3tf^* 
stratified,  32 
Epsom  salts,  380 
Equivalent  weights,  10,  il 
Erb’s  sign,  457  . 

Erection  of  perns,  213,  724, 

Penis 

Erepsin,  359 
Ergosierol,  408 

action  of  ultraviolet  light  on,  430 
irradiated,  430 
Erhlich,  Paul,  235,  240 
Erhlkh’s  side-chain  theory,  235 
Erythroblastosis  foetalis,  84 
Erythroblasts,  yt 
Erythrocytes,  55,  58ff.,  Plme  2 
abnormal  forms  of,  62,  63 
agglutination  of,  78,  79, 
agglutinogens  in,  79 
chloride  shift  and,  n8 
counting  of,  59 
crenation  of,  62 

destruction  of  in  new  born,  745 
development  of  in  bone  marrow,  70, 
71 

envelope  of,  66 

formation  and  history  of,  7®,  7^ 

at  high  altitudes,  62,  287 

ionic  relationships  of  with  plasma,  00, 

67 


life  of,  71,  72 
minerals  of,  57 
number  of,  60 

osmotic  relationships  with  plasma,  87 
rouleaux  formation  of,  58 
shape  and  size  of,  58 
Erythrodextrin,  329 
Erythrophores,  480 
Erythropoiesis,  70,  71,  72 
diet  and,  73 

hematinic  principle  and,  76 
stages  of  in  bone  marrow,  70,  71 
Eserine, 

action  of  on  heart,  206,  208 
Eskimo,  diet  of,  398 
Esophagus,  316,  317,  332 
Esthesiometer,  707 
Estradiol,  461,  492 

in  blood,  in  pregnancy,  716,  744 
effect  of  in  late  pregnancy,  744,  74^ 
on  mammary  gland,  718 
on  uterus,  492,  498,  716 
liberation  of  during  estrus,  492 
and  menstrual  cycle,  490 
Estrin,  491 
Estrogen,  491 
Estrone,  491 

in  adrenal  cortex,  468 
Estrus  cycle,  488,  489 
Estrus,  488,  489 

liberation  of  estradiol  in,  492 
Ether,  hemolytic  action  of,  87,  88 
Ethyl  alcohol,  formula  of,  318 
Ethylaminc,  formed  in  large  intestine, 

376 

Eustachian  tube,  677 

and  changes  in  atmospheric  pressure, 
690 

deafness  due  to  blockage  of,  690,  691 
Eve’s  rocking  method,  259,  260,  261, 
262 


Excitability, 

of  cardiac  muscle,  160,  161 
of  nerve,  508 

a  property  of  protoplasm,  24 
Exophthalmos,  451,  45^ 

Exothermic  reaction,  382^ 

Expiration,  mechanism  of,  258 
Expired  air, /ee  Air 

External  phase  of  colloid  solution,  19 
Exteroceptors,  566 

Extractives  and  gastric  secretion,  344 
Extrasystoles,  172,  t73>  }99 

during  surgical  operations,  204,  205 


abnormal  shape  of,  668 
accommodation  of,  648-652 
in  new  born,  74^  .  , 


625,  645 


coats  of,  625— 629 


of, 
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compared  to  camera,  645 
conjugate  deviation  of,  662 
convergence  of,  662 
dark  adaptation  of,  632,  633 
defects  of,  666S. 
effects  of  bad  lighting  on,  673 
far  points  of,  648,  649 
fixation  point  of,  663 
formation  of  image  by,  645,  646 
general  description  of,  624^. 
light  adaptation  of,  632,  633 
meridians  of,  671 
movements  of,  662-664 
muscles  of,  601 
near  point  of,  648,  649 
pressure  within,  675 
protrusion  of,  see  Exophthalmos 
pupil  of,  664,  665,  see  also  Pupil 
refraction  by,  645,  646 
refractive  errors  of,  666if» 
in  sleep,  620 
white  of,  626 
Eyelids,  663 

Fainting,  154,  156,  see  also  Syncope 
carotid  sinus  and,  218 
Fallopian  tubes,  714,  715 
blastocyst  in,  734 
fertilization  of  ovum  in,  723 
Fasciculus  cuncatus,  58:? 

Fasciculus  gracilis,  582 
Fasting,  384 
Fat(s),  407,  408 
absorption  of,  377,  378,  379 
bile  salts  and,  367,  368 
caloric  value  of,  385 
from  carbohydrate,  407,  409 
combustion  of,  387,  410 
digestion  of,  355 
bile  and,  367 

effect  of,  on  emptying  of  gall-bladder, 
366 

on  gastric  secretion  and  motility,  346 
as  energy  store,  384 
evacuation  of,  from  stomach,  349 
excessive  formation  of,  see  Obesity 
after  castration,  486 
metabolism  of,  407ff, 
liver  and,  409 
of  milk,  717,  718,  719 
oxidation  of,  410 
requirements  of,  in  diet,  439 
Fatigue,  effect  of,  on  circulation,  164 
"  Fatigue  toxin,”  621 
Fauces,  331 
Feces,  379 
bacteria  in,  380 

calcium  excretion  in,  after  parathyroid 
overdosage,  455 

clay-colored,  in  obstructive  jaundice, 
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formation  of,  379 
heat  loss  in,  415 
nitrogen  of,  379 
pH  of,  379  ' 
reaction  of,  see  pH  of 
Ferments,  see  Enzymes 
Ferric  hydroxide,  ii 
Ferrum,  see  Iron 
Fetus, 

circulation  of,  740,  741 
development  of,  737,  738 
excretory  functions  of,  736 
heart-rate  of,  745 
nutrition  of,  744 

oxygen  dissociation  curve  of,  741,  742 
position  of,  in  late  pregnancy,  737, 
742 

respiration  of,  736,  740 
Rh-positivc,  84 
Fever,  418 

effect  of,  on  cardiac  output,  141 
on  heart  rate,  201 
on  metabolism,  392,  419 
Fiber (s), 

association,  584 
collagenous,  43 

effect  of  cortisone  on,  467 
commissural,  590 
connective  tissue,  43 
depressor  in  afferent  vascular  nerves, 
217 
clastic,  43 

in  blocKl  vessels,  130 
muscle,  see  Muscle,  cardiac,  skeletal 
nerve,  see  Nerve  fibers 
parasympathetic,  609,  610 
projection,  590 
pyramidal^  590 
sympathetic,  6x0,  61  x 
vasomotor,  n  1-2x3,  610,  612,  613 
Fibrin,  106,  107 
Fibrinogen,  56 . 

in  coagulation  of  blood,  106,  107,  108 
removal  of  from  blood,  106,  107,  108, 
1 10 

Fibroblast,  43,  44 

Fi^rocarcilagc,  45,  46 

Pick  principle,  141 

Fillet,  see  Lemniscus 

Fikrable  viruses,  230,  233 

Final  common  path,  564,  565,  577 

Fish, 

heart  of,  739 
respiration  of,  737 
Fish  liver,  oils, 

vitamin  A  in,  422,  431 
vitamin  D  in,  431,  434 
Fission,  28 

Fissure  of  Rolandio,  585 
Fissure  of  Sylvius,  586 
Flagellated  protozoa,  231 


Fleming,  Sir  Alexander,  241 
Flexures  of  colon,  353 
Flier’s  suits,  165 
Florey,  Sir  Howard,  241 
Fluid  (s), 

of  body,  5 iff. 
extracellular,  52 
intracellular,  52,  53 
intraocular,  675 
perfusion,  for  heart,  174 
tissue,  42 

transfusion,  85,  9^ 

Fluoride,  as  anticoagulant,  108,  109 
Fluorine,  in  bones  and  teeth,  441 
Folic  acid,  77»  4^2 

Food(s),  see  also  Carbohydrate,  Fat, 
Protein 

effect  of  various  types  on  gastric  se¬ 
cretion,  345,  346 
heat  equivalents  of,  388,  389 
oxidation  of,  in  body,  383 
proportions  of,  in  diet,  43d,  439 
specific  dynamic  action  of,  392,  417 
Foramen  ovale,  740 
Forced  breathing, 

apnea  following,  279 
cause  of  alkalosis,  121 
tetany  in,  456 
Forebrain  bundle,  595 
Forel,  decussation  of,  596,  598 
Fovea  centralis,  625,  627,  629,  630,  631, 

636 

Fovcola  of  gastric  mucosa,  33b 
Fragility  test,  88 

Franco-Prussian  War,  smallpox  in,  238 

Freemartin,  731 

Frog, 

heart  of,  i77»  W9 
muscle,  contraction  of,  531  ff. 
nerve,  chronaxic  of,  514 
recovery  curve  of,  520 
velocity  of  nerve  impulse  in,  520 
Fructose,  360,  401,  402 
diphosphate,  547 
Fruits, 

in  regulation  of  intestinal  movements, 
381 

vitamin  C  in,  429 

F  S  FI,  rer  Hormone,  follicle  stimulating 
hormone 

Fundus,  of  gastric  glands,  338 
oculi,  629,  Plate  13 A 
of  stomach,  335,  33^ 

Fungi, 

antibiotics  from,  242 
pathogenic,  230,  231 
Furred  tongue,  376 
Furuncle,  92 

G  (-f  and  — ),  symbol  for  gravity  in 
centripetal  acceleration,  165 
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Gait,  ataxic,  see  Ataxia 

staggering,  in  cerebellar  disease,  608 
Galactogogue  action  of  pituitary  extract, 

478. 497 

Galactose,  401,  402 
Galen,  Claudius,  127 
Gall-bladder,  364 

action  of  pituitary  extract  on,  478 
concentrating  function  of,  365,  366 
emptying  of,  366 
hormone  of,  see  Cholecystokinin 
innervation  of,  366 
Gametes,  725,  726,  727,  728,  729 
Gamma  rays,  6 
Ganglion  (ganglia), 
celiac,  371,  61 1,  613 
cervical  sympathetic,  613 
ciliary,  665  • 

Cord’s,  see  Ganglion,  spiral  of  Cord 

facial,  602 

geniculate,  602 

inferior  mesenteric,  613 

otic,  326 

of  parasympathetic,  604,  610 
of  posterior  spinal  nerve  roots,  578, 
579 

prcvertebral,  613 

Scarpas,  see  Ganglion,  vestibular 

semilunar,  see  Ganglion,  trigeminal 

spiral  of  Cord,  680 

stellate,  464 

superior  mesenteric,  371,  61 1,  618 
of  sympathetic,  465,  610,  61 1 
and  action  of  adrenaline,  463 
synapses  in,  see  Synapse 
thoracic,  613 
trigeminal,  601,  602 
of  vagus,  604,  610 
vertebral,  610,  613 
vestibular  (Scarpa’s),  693,  694 
Gas(es),  ree  also  Carbon  dioxide.  Oxy¬ 
gen,  etc. 

diffusion  of,  266,  269,  270 
kinetic  theory  of,  265,  266 
laws  of,  2675  adS,  see  also  Law 
pressure  of,  266,  267 
respiratory,  exchanges  of,  270-272 
partial  pressures  of,  268,  269,  270 
transport  of,  272-276 
Gaseous  exchanges,  in  lungs,  270,  271 
in  fish,  7377  738 
in  dssucs,  2J1,  272 
Gastric  anacidity,  3467  347 
Gastric  contents,  acidity  of,  347 
Gastric  fistula,  343 
Gastric  juice, 
acidity  of,  347 
in  duodenal  ulcer,  347 
actions  of,  338 
composition  of,  338-341 
secretion  of,  34i"345 
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Gastxic  motility,  346,  3480. 
effect  of  fat  on,  346 
cntcrogastrone  and,  346 
iiervou.s  control  of,  348 
Gastric  phase  of  secretion  in  stomach, 
344 

Gastrin,  344 
Geiger  counter,  6 
Gel,  20 
Gelatin,  399 
Geniculate  bodies,  598 
lateral,  598,  640,  641 
medial,  680,  681 
Germ  layers,  733 
Giantism,  482 

Gills,  respiratory  function  of,  737 
Gland  (s), 

adrenal,  see  Adrenal  glands 
ductless,  see  endocrine 
endocrine,  4421!.,  see  aiso  specilic 
names,  Adrenal,  Thyroid,  etc. 
gastxic,  336,  337^ 

of  internal  secretion,  see  endocrine 
intestinal,  358,  359 
lachrymal,  326^  624,  625,  626 
lymph,  see  Lymph  nodes 
mammary,  see  Mammary  gland 
parathyroid,  see  Parathyroid  glands 
parotid,  323,  see  also  salivary 
pineal,  501 
prostate,  725 
racemose,  39,  324 
salivary,  323-331 

innervation  of,  324-327 
secretion  of,  324-328 
structure  of,  37,  38,  39,  323,  324 
sebaceous,  33 
sex,  486,  see  also  Gonads 
structure  of,  37,  38,  39 
sublingual,  323-331 
submaxillary,  323-331 
sweat,  3,  414,  415,  417 
innervation  of,  612,  615 
thymus,  499,  500,  501 
thyroid,  see  Thyroid  gland 
urethral,  723 
uterine,  490,  734 
Gians  penis,  723,  724 
Glare,  673 

Glass  blovver’s  cataract,  674 
Glaucoma,  675 
Gliadin,  395,  399 
Glisson,  Francis,  527 
Glisson's  experiment,  527,  528 
Globlin,  68,  69,  72,  394 
in  blood  regeneration,  72 
Globulin(s),  395 
and  immune  bodies,  94,  234 
of  serum,  56 
Globus  pallidus,  593 
Glomerular  tuft  of  kidney,  294,  296 


Glomerulus  of  kidney,  294,  295,  296 
298,  303 
filtration  by,  303 
in  nephritis,  3.11 
Gluconcogencsis,  404 
Glucose,  360,  401,  402,  ree  also  Carbo¬ 
hydrate 

absorption  of,  from  gastro-intestinal 
tract,  377,  379 
from  amiiio  acids,  396 
in  blood,  57,  96,  sec  also  Hyper-  and 
Hypoglycemia 

and  anterior  lobe  of  pituitary,  476, 
477 

effect  of:  adrenaline  on,  462,  463 
of  pituitary  extract  on,  481 
combustion  of,  386 
in  tliabcles,  40') 
from  fat,  407 
formula  of,  -^18,  401,  402 
in  byperihyrouiism,  452 
ami  muscular  contraction,  547 
overproduction  of,  406 
oxitlation  of,  386,  387,  404,  406 
from  protein,  407 

rcabs(>rt)iion  of,  from  renal  tubules, 

reserves  of,  405 
in  tissues,  403 
utilization  of,  406 
Glucose  phosphate,  547 
Glucosuria, 

anterior  lobe  pituitary  and,  476,  477 
causctl  by  nervous  lesions,  407 
caused  by  pituitary  extract,  479 
in  diabetes,  405 
Glycerin,  se,e  Glycerol 
Glycerol,  408 
Glycine,  7.  393,  398 
Glycocol,  see  Glycine 
Glycogen,  402,  see  also  Carbohydrate 
from  amino  acids,  396 
in  carbohydrate  cycle,  404,  463 
in  heart  muscle,  178 
in  liver,  403,  404 
effect  of  adrenaline  on,  462,  463 
in  muscle,  403,  463,  546 
in  muscular  contraction,  547,  549 
in  protoplasm,  23 

storage  of,  in  muscles  and  liver,  384, 
403,  406 

effect  of  adrenal  on,  463 
of  insulin  on,  406 
in  tissues,  403 
in  hyperthyroidism,  452 
Glycogcnesis,  403,  404 
effect  of  adrenaline  on,  462 
of  insulin  on,  406 
Glycogenolysis,  403 

effect  of  adrenaline  on,  462 
Glycoproteins,  340,  395 
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Glycuronatcs,  in  detoxication,  376 

Glutelins,  395 
Giutenin,  395>  399»  400 
Goiter,  446  Q 

adenomatous,  447j  44° 
colloid,  44^7  44S 
and  cretinism,  449 
exophthalmic,  45  45^ 

iodine  deficiency  and,  447 
parenchymatous,  447»  44° 
simple,  446 
Goiter  regions,  447 
Goldblatt,  Harry,  153  . 

Gonads, 

effects  of  excision  of,  400 
pituitary  body  and,  483,  484 
precocious  development  ot,  4h» 

“  Gooseflesh,”  35j 
Gout,  400 

Graafian  follicle,  487,  7i2,  7i3,  7^4 
action  of  pituitary  hormones  on,  497 
maturation  of,  497»  499  * 

primordial,  712,  713 
production  of  hormones  by,  49i""494 
rupture  of,  see  Ovulation 
Granulocytes,  88,  89,  9off- 
reduction  of  by  drugs,  95 

and  centripetal  acceleration,  164,  165 
and  cerebral  circulation,  228  ^ 
effect  of,  on  systemic  circulation,  228 
on  venous  blood  flow,  161,  163 
on  venous  pressure,  16 1,  163 
Gray  matter  of  nervotis  system,  557>  577 
Gristle,  see  Cartilage 
Growth,  25,  384 

amino  acids  and,  3947  399 
effect  of  thiamine  on,  420 
of  thyroid  on,  444,  445 
excessive,  see  Giantism 
hormone,  see  Hormone 
nitrogen  balance  in,  397 
of  bone,  vitamin  D  and,  43* 
of  fetus,  see  Fetus,  development  ot, 
Guanine,  400,  401  o 

Gum  acacia,  in  transfusion,  80,  87 

Habit,  and  constipation,  375  . 

Habitual  abortion,  and  vitamin  E  uen- 
ciency,  43  3 »  435 
Hair(s),  33j  34 

proteins  of,  549»  55° 
von  Frey's,  707,  709 
Haldane,  J.  S.,  279 
Hales,  Stephen,  145 
Haptins,  235 

Harvey,  William,  127,  187,  220 
Hassall’s  corpuscles,  500 
Headache, 

in  constipation,  375 
due  to  eyestrain,  673 


Hearing,  681--689 
defective,  see  Deafness 
Helmholtz  theory  of,  684,  685,  686 
place  theory  of,  687,  688 
Rutherford’s  telephone  theory  of,  686 
volley  theory  of,  686 
Heart,  laiff. 

acceleration  of,  201,  202,  204 
action  of,  182,  20off,,  see  also  Heart 
rate,  Cardiac  output,  work,  of 
heart 

acetylcholine  and,  207 
blood  gases  and,  209 
chemicals  (humoral  substances)  and, 
207,  208 

drugs  and,  175-178,  206,  207,  208 
minerals  and,  209 
Starling’s  law  and,  see  Law 
apex  of,  122 
apex  beat  of,  197 
arrhythmias  of,  197—200 
athletics  and,  21 1 
auricles  of,  125. 
imberi  beri,  424 
calcium  rigor  of,  175,  176 
conduction  of  impulse  in,  i78ff. 
congenital  defects  of,  740 
denervation  of,  as  test  for  adrenaline, 

461,  464 

development  of,  733,  738,  739 
diastole  of,  i88ff. 

effect  of  potassium  on,  175,  176, 
177 

of  vagus  nerve  on,  203 
dilatation  of,  191,  210,  21 1 
caused  by  muscular  effort,  556 
efficiency  of,  139 
electrical  changes  in,  ipaff. 
of  embryo,  733,  738,  739 
energy  liberation  by,  I39>  210 
enlargement  of,  see  hypertrophy  of 
“escape”  of,  from  vagal  influence, 
203 

excitation  wave  of,  I79 
extrasystolcs  of,  172)  *99 
failure  of,  see  Cardiac  failure 
of  frog,  207 

structure  of,  177 
glycogen  in,  404  . 

hypertrophy  of,  19 1,  55® 
inhibition  of,  202,  203  _ 

Junctional  tissues  ofi  see  nodal  tissues 

minute  volume  of,  see  Cardiac  output 
missed  ventricular  beats  of,  I99 
muscle  of,  see  Muscle,  cardiac 

in  muscular  exercise,  2  n 

nerves  of,  ree  Vagus,  Accelerator 

nodal  tissues  of,  tyS  ff. 

pacemaker  of,  I79  ,  « 

papillary  muscles  of,  i24j  *®9 
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perfusion  of,  173-178 
potassium  inhibition  of,  175,  176 
premature  beats  in,  172,  179 
pressures  in,  durin^Jt  cardiac  cycle, 
l82ff. 

reserve  power  of,  210,  .2H 
rhythmicity  of,  172 
stroke  volume  bf,  140 
structure  of,  I22ff. 
systole  of,  18 iff. 
valves  of,  see  Valves,  of  heart 
valvular  disease  of,  sec  Valvular  dis¬ 
ease 

ventricles  of,  122,  124,  125 
work  of,  138,  139,  S  40 
Heart  beat, 
conduction  of,  178^. 
disorders  of,  197-200 
origin  and  transmission  of,  1 78ff. 

Heart  block,  181,  197,  198,  199 
digitalis  and,  206 

functional,  in  auricular  flutter,  200 
relative,  see  functional 
“  Heart  burn/’  347 

Heart  disease,  see  Valvular  disease,  Car¬ 
diac  failure 

Heart  failure,  see  Cardiac  failure 
Heart  rate,  200,  201 
abnormal,  199,  200 
control  of,  200  f¥. 

effect  of  adrenaline  on,  208,  461,  464 
carbon  dioxide  on,  208,  209 
oxygen,  208,  209 
sinus  and  aortic  nerves  on,  217 
temperature  on,  201 
in  hyperthyroidism,  452 
in  muscular  exercise,  554,  555 
in  new  born,  745 
reflex  changes  in,  215 
in  sleep,  620 

slowing  of,  see  Heart,  inhibition  of 
Heart  sounds,  189,  190 
abnormal,  see  Murmurs 
Heat, 

conduction  of,  from  body,  412,  415 
latent,  of  evaporation  of  water,  414 
loss  from  body,  412,  418 
production  of,  by  body,  3 8 iff.,  w  also 
Metabolism 
adrenaline  and,  462 
and  Basal  metabolism,  389 
cflFcct  of  food  on,  see  Specific  dy¬ 
namic  action 
cnd(Krmes  and,  417 
in  muscular  contraction,  551,  552 
radiation  of,  from  body,  412,  414,  415 
“  Heat,”  see  Estrus 
Heat  balance,  412,  415,  416,  418 
Heat  centers,  617 

Heat  equivalents  of  foods,  387,  388,  389 
Heat  exhaustion,  420 


Heat  production,  /ee  Metabolism,  gen¬ 
eral,  and  Basal  metabolism 
Heat  stroke,  421 
Hcmatin,  68,  69 

Hematinic  principle  of  liver,  75,  76  yy 
cobalt  in,  77  ’  ’ 

1 . iernatcKrit,  55,  63,  64 

Hematopoiesis,  see  Hemopoiesis 
Heme,  68,  69 
I-Iemianopia,  639 
Hemiplegia,  592 
Hemispheres, 
of  cerebellum,  605 
of  cerebrum,  583,  585,  588 
Hemoconia,  71 
Hcmocytoblast,  48 
Hemocytometer,  59 
Hemod y namics,  1 3 3 ff . 

Hemoglobin,  680. 

affinity  of,  for  carbon  monoxide,  288 
in  anemia,  74,  75 
bile  pigment  from,  362 
concentration  of,  in  bIo<x;l,  74 
and  cyanosis,  289,  290 
in  erythrocytes,  58 
fetal,  741,  742 

liberation  of,  from  erythrocytes,  see 
Hemolysis 
molecule  of,  69 
oxygen  capacity  of,  70 
oxygen  dissociation  curve  of,  273,  274, 
375 

in  fetus,  741,  742 

oxygenated,  69,  _ ire  Oxyhemoglobin 
oxygenation  of,  in  lungs,  270,  271 
reduced,  272,  273 

regeneration  of,  after  hemorrhage,  73 
respiratory  function  of,  70,  270,  271 
role  of,  as  bu0cr,  117 
saturation  of,  273,  274 
at  high  altitudes,  287 
synthesis  of,  72,  73 
Hemolysins,  87,  88 
specific,  87,  88,  234 
Hemolysis,  87,  88 
and  jaundice,  36B 
anti"Rh  factor  and,  83,  84 
in  new  born,  84 
Hemophilia,  112,  113 
Hemopoiesis,  70 
Hemorrhage,  77-79 
cerebral,  592 

e0cct  of,  on  heart  rate,  20  r 
due  to  abnormalities  of  dotting  me¬ 
chanism,  see  Hemorrhagic 
states 

due  to  vitamin  K  deficiency,  no,  435 
in  puerperum,  747 

in  several  diseases,  see  Hemorrhagic 
states 

Hemorrhagic  shock,  242 


Hemorrhagic  states^  no,  ii2”ii4 
Hemostasis,  m 
Hemostatics,  Hi 
Henle’s  loop,  295,  296,  297 

action  o£  antidmretic  hormone  on, 
308,  309 
Heparin,  109 
Heptose,  402 

Hexose  phosphate,  in  muscular  contrac¬ 
tion,  see  Glucose  phosphate 
Hexoscs,  401,  4^^^ 


High  altitude,  287, 
sickness 
acclimatization  to,  287 
anoxia  at,  287 
and  bone  marrow 


see  also  Mountain 


,  6i 


a,tiu  u'v/ii'-  - - -  .  ^ 

carbon  dioxide  partial  pressure  at,  280 
effect  of,  on  erythrocytes,  60,  61,  287 
increase  in  reticulocytes' at,  61 
H-ion,  ste  Ion,  hydrogen.  Hydrogen  ion 

concentration 

Hirschsprung’s  disease,  373 
Hirudin,  io8,  109 
Histamine,  96 

action  o£,  on  capillaries,  221 

in  anaphylactic  shock,  244 

effect  of,  on  gastric  secretion,  345, 

346  ,  < 

formation  of,  in  large  intestine,  376 . 
as  a  gastric  hormone,  345 
and  local  edema,  106 
Histidine,  373  . 

Histotoxic  anoxia,  289 
“Hives”  (urticaria),  106 
Homeostasis,  51,  240 
Homothermic  animals,  412 
Hopkins,  Sir  Gowland,  421 
Hordcin,  399 
Hormone  (s),  442  ff. 

action  of,  in  control  of  body  tempera¬ 
ture,  417,  4*^ 
on  renal  function,  3^^ 
of  adrenal  cortex,  467,  460 
action  of,  on  kidney,  3^9 
deficiency  of,  466,  467 
of  adrenal  medulla,  iee  Adrcnahne 
adrcnocorticotrophic,  466,  473,  475, 

477,  498  .  . 

of  anterior  lobe  of  pituitary,  473"'477, 

478,  481,  498 

anterior  pituitary-like  of  placenta,  499- 
antidiabetic,  see  Insulin 
antidiuretic,  308,  3^9,  479 
and  carbohydrates  metabolism, 

406,  407 

chemical  nature  of,  443 
and  contraction  of  gall-bladaer, 
Cholecystokinin 
of  corpus  lutcum,  see  Pro^stin 
female  sex,  see  Estradiol 
follicle  stimulating,  497,  7'^^, 


404, 
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follicular,  see  Estradiol 
gastric,  344,  345 

gonadotrophic  of  pituitary,  473,  475, 
495,  496,  498 
growth,  473,.  474 

hypersecretion  of,  482 
lactogenic,  see  Prolactin 
luteinizing,  497 
male,  see  Testosterone 
and  milk  secretion,  497 
ovarian,  491-494 

pancreas  stimulating,  see  Secretin,  Pan¬ 
creozymin 
parathyroid,  455 
of  pars  intermedia,  470 
of  pituitary,  479,  481 
of  placenta,  499 

of  posterior  lobe  of  pituitary,  468-481 
sex,  effect  of,  on  embryo,  731 
in  adrenal  cortex,  468 
female,  491-494,  see  also  Estradiol, 
Progestin 

male,  491,  see  dso  Testosterone 
thyroid,  452,  453,  see  also  Thyroxine 
thyrotrophic,  473,  475,  47^ 

Host,  235 
Hot  flushes,  491 
Howship’s  lacunae,  47 
Hunger,  406 

Hyaline  bodies  of  pituitary,  472 
Hyaline  cartilage,  45,  46 
Hydrochloric  acid, 

as  a  catalyst,  318,  319 
combination  with  mucin,  341 
in  duodenal  ulcer,  347,  348 
formation  of,  by  gastric  glands,  339, 
340 

in  gastric  contents,  345,  347 
in  gastric  juice,  337,  338,  339,  347 
curve  of,  34^ 
ionization  of,  13,  14,  ^5 
reaction  of,  with  calcium  carbonate,  8 
with  sodium  bicarbonate,  12 
Hydrocyanic  acid, 
poisoning  with,  289 
spaell  of,  707 
Hydrogel,  20 
Hydrogen, 

atomof,  1,  3,  4  . 

atomic  weight  and  number  or,  2 
ion,  14,  15.  16,  114.  see  dso  Hydro- 
gen  ion  concentration  ^  ^ 

Hydrogen  ion  concentrataon,  16,  i 
see  also  pH  _ 

effect  of,  on  oxygen  dissociatton  curve 
of  hemoglobin,  275 

.  and  enzyme  action,  320 
of  body  fluids,  ii4ff. 

Hydrolysis,  317 
of  sugars,  402 
Hydrophobia,  ,see  Rabies 
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Hydrosal,  19 
Hydroxidc(s),  ii 
calcium,  16 
ferric,  ii 
sodium,.  16 

Hyperacidity,  of  gastric  contents,  347 
Hypercalcemia, 

caused  by  parathyroid  extract,  431, 
455,  458 
vitamin  D,  431 
in  hyperparathyroidism,  458 
Hypcrchlorhydria,  see  Hyperacidity 
Hyperglycemia,  405 
caused  by  corticosterone,  468 
pituitary  extract,  479,  481 
in  diabetes,  405 
in  hyperthyroidism,  452 
Hyperinsulinism,  406 
Hypermetropia,  669,  670 
Hyperparathyroidism,  457,  458 
Hyperpituitarism,  482 
Hyperpnea,  284,  285,  286 
Hyperthyroidism,  446,  447,  451,  452 
in  acromcgally,  483 
dyspnea  in,  286 
cjffcct  of,  on  cardiac  output,  141 
on  basal  metabolism,  392 
on  heart  rate,  201,  452 
hypersensitivity  to  heat  in,  418 
Hypocalcemia,  in  tetany,  455,  456 
Hypoglycemia,  406 
after  hypophyscctomy,  476 
in  adrenal  insufficiency,  466 
in  pituitary  cachexia,  484 
Hypophyscctomy,  476,  477 
cfficct  of,  on  birth  mechanism,  745 
on  gonads,  473 

Hypophysis  cerebri,  see  Pituitary  body 
Hypopituitarism,  483 
Hypoprothrombincmia,  1 1 2 
Hypothalamus,  594—595 
connections  of,  with  pituitary  body, 
,594 

and  diabetes  insipidus,  485 
and  obesity,  485 
and  sleep,  621 
Hypothyroidism,  449-451 
effect  of  on  cardiac  output,  141 
on  basal  metabolism,  392 
hypersensitivity  to  cold  in,  418 

Icterus,  see  Jaundice 
Ileum,  317,  352 
antipcristalsis  in,  370 
Ileocolic  valve,  see  Valve 
Immune  bodies,  234-236 
lymphocytes  and,  94 
scrum  globulin  and,  94,  234 
Immunity,  233!!. 
acquired,  237 
active  and  passive,  237 


Incus,  676 

Indoctorium,  532,  533 
Infantile  paralysis,  230,  574 
I nfection,  23 o-ij  3 
intercurrent,  240 
obesity  and,  410 

role  of  leucocytes  in,  92,  93,  234 
lymph  nodes  in,  105 
Inflammation,  96 
Influenza,  230 

Infundibulum  of  pituitary  body,  470,  471 
Infundin,  477  * 

Inhibition, 
central,  569 

of  conditioned  reflexes,  618 
of  heart,  sec  Heart 
reciprocal,  568 
of  eye  muscles,  662 
Inoculation,  237 
Inositol,  422 

Insensible  perspiration,  414 
Insomnia,  622 
Inspiration, 
control  of,  281 
mechanism  of,  ,«56,  257 
center  for,  276 
of  swallowing,  333 
Insulin,  404,  405,  406 
Insulin  shock,  242 
Intercellular  cement,  429 
Internal  capsule,  587,  590,  591,  592,  593 
Internal  phase  of  colloid  solutions,  19 
Intcroceptors,  566 
Intestinal  juice,  359,  360 
Intestinal  phase  of  gastric  secretion,  345 
Intestinal  villi,  357,  358,  378 
Intestine,  316,  317  ” 
absorption  from,  352,  377,  379 
action  of  adrenaline  on,  462 
of  pituitrin  on,  478 
large,  317,  352.,  353,  373,  374 
innervation  of,  373 
movements  of,  373 
reaction  (pH)  in,  379 
small,  317,  352 

absorption  from,  352,  357,  377,  378 
innervation  of,  371 
movements  of,  369 
Intraventricular  block,  i8i 
Intrinsic  factor,  76 

Involuntary  nervous  system,  see  Auto¬ 
nomic  nervous  system 

Iodine, 

atomic  weight  and  number  of,  2 
in  blood,  57 

deficiency  of  in  goiter,  447 
isotopes  of,  6 

requirement  of  in  diet,  440 
in  soil,  447 

test  for  starch  and  dextrins,  329 
in  thyroid,  453 
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in  thyroxine,  45^9  453 
Iodized  salt,  440 
lodopsin,  634 
Ionization,  i3j  i5 
Ions,  13,  14,  15 

bicarbonate,  14,  15 
calcium,  I4j  ^5 
carbonate,  13,  1 4 
chloride,  14,  1 5  . 

shift  of,  see  Chloride  shitt 
hydrogen,  14,  i5>  ^^4) 
hydroxyl,  14,  i5j  ^^4> 
nitrate,  15 
phosphate,  I4»  ^5 
sulfate,  I4»  ^5  ^ 

Iris,  601,  625,  664,  66*::,  ree  also  Pupil 
innervation  of,  601,  664,  665 


Iron, 

in  blood,  57 
deficiency  of,  74 
in  erythropoicsis, 
in  hemoglobin,  69 
requirement  of  in  diet,  440 
Irritability,  a  property  of  protoplasm,  24 
Isinglass,  for  transfusion,  86,  87 
islands  of  Langerhans,  /etf  Islets  of  Lang- 
erhans 

Islets  of  Langerhans,  354*  4^5 


Kidney (s),  294“3I3_ 

ammonia  production  by,  301,  311 
blood  supply  of,  297,  298 
conservation  of  base  by,  301 
cortex  of,  295,  299 
as  dietary  item  in  erythropoicsis,  73 
disease  of,  see  Nephritis 
effect  of  hormones  on,  308,  309 
excretion  by,  302!!. 
and  hypertension,  153 
impairment  of  function  of,  see  Ne¬ 
phritis 

medulla  of,  299 
microscopical  section  of,  298 
nerve  supply  of,  297,  298 
of  new  born,  745 
pelvis  of,  297,  312 
position  of,  129 
structure  of,  294-297 
summary  of  functions  of,  310,  31 1 
urine  production  by,  302ff. 
water  content  of,  53 
Knee  jerk,  see  Reflex,  patellar  reflex 
Krause’s  end-bulb,  708 
Kupffer  cells,  98 
Kymograph, 

in  recording  blood  pressure,  140 
contractions  of  muscle,  531,  53^ 


Isolcucine,  393 
Isotopes,  4,  5»  ^ 

Isoelectric  point,  394 
Isoelectric  precipitation  of  protein,  394 
Isoelectric  range,  see  Isoelectric  point 
Ivy,  A.  C.,  366 

}  bands  in  muscle  fiber,  40,  41 
Jaundice,  368,  369  .  . 

failure  of  vitamin  A  absorption  in,  435 
hemolytic,  368 
infective,  369 

obstructive,  bleeding  in,  112,  435 
Jejunum,  352  •  •  •  ^ 

Juice,  see  qualifying  terms,  Gastric  juice, 
Pancreatic  juice,  etc. 

Junctional  tissues  of  heart,  179 


Karyoplasm,  26 

Kendall,  E.  C.,  467 

Kendall’s  compound  E,  iee  Cortisone 

Keratin,  32,  395  ,  .  .  , 

Keratomalacia,  in  vitamin  A  dchciency, 

423 

Ketone  bodies,  405 

anterior  lobe  extract  and,  473 j  477 
from  fat,  510 
production  of  in  liver,  4^9 
in  urine,  301,  405 

Ketonuria,  405,  473?  477 
Ketosis,  405  ... 

and  anterior  lobe  of  pituitary,  473?  477 


Labor  (parturition),  743 
pituitary  extract  in,  478 
role  of  pituitary  in  onset  of,  745 
Labyrinth  of  ear, 
auditory,  675-691 
non-auditory,  691-700 
Lachrymal  apparatus,  624,  025,  520 
Lactalbumin,  399?  400,  7^9 
Lactase,  359  ,  . 

“  taking  ”  o£  blood,  see  Hemolysis 

Lactic  acid, 

action  of,  on  capillaries,  221 
in  blood,  effect  of  adrenaline  on, 

463 

buffering  of,  117 
from  glycogen,  403,  404?  547?  549 
in  muscular  contraction,  543?  547*  549 
and  muscular  fatigue,  540 
oxidation  of,  547?  549?  55^ 
and  theory  of  sleep,  621 
utilized  by  heart  muscle,  178 
Lactic  acid  maximum,  548 


Lactose,  402 
in  milk,  719 
Lamina  propria,  36 
Langerhans,  islets  of,  see 
bans 


Islets  of  Langar- 


Larynx,  ^48,  2^>o,  291,  332,  333  _ 

muscular  spasm  in  tetany,  45”?  457 


Laughing,  283 
Lavoisier,  Antoine,  383 


772  INDEX 
Law(s), 

“all  or  none”  in  cardiac  mii.scle,  170, 
171 

in  muscle,  537 
in  nerve,  516,  517,  536 
of  biogenesis,  .fee  of  recapitulation 
Boyle’s,  267 
Charles’,  267 

of  conservation  of  energy,  384 

Dalton’s,  267 

gas,  267,  268 

Gay-Lussac’s,  267 

Henry’s,  267 

Marey’s,  205 

of  mass  action,  319,  footnote 
Mendclian,  and  blood  groups,  82 
of  partial  pressures  (gases),  267 
of  recapitulation,  737-7^9 
Starling’s,  of  heart,  203,  209,  210 
Van’t  Hoff's,  543 
Laxatives,  380 
Layers  of  skin,  32,  33 
Lecithin,  409 
in  bile,  361 
in  erythrocytes,  58 
Leguinin,  395,  399 
Lemniscus  (Icmnisd), 
lateral,  596 
medial,  596,  599 
trigeminal,  599 
Lcns(es), 
achromatic,  667 

chromatic  aberration  of,  666,  667 
concave,  643,  644 
contact,  672 
convex,  644,  645 

crystalline,  of  eye,  sec  Crystalline  lens 
refraction  of  light  by,  643-645 
spherical  aberration  in,  666 
Leucemia,  95 
Leucocytes,  88flF.,  Plate  2 
agranular,  88 

ameboid  movements  of,  91,  92 
counting  of,  59,  95 
diapedesis  of,  91 
eosinophil,  89 
functions  of,  90-94 
in  inflammation,  96 
neutrophil,  89,  90,  91,  92,  93 
number  of,  88,  94 
phagocytosis  by,  90,  92,  93 
polymorphonuclear,  89,  90,  gr 
production  and  development  of,  95 
production  of  immune  bodies  by,  94 
production  of  scrum  globulin  by,  94 
role  of,  in  body’s  defenses,  92,  93,  234 
Leucocytosis,  94 
promoting  factor,  96 
Leucopenia,  95 
Lcucotaxin,  96 
Lcvulose,  401 


Liebcrkiihn,  crypts  of,  358,  359 
Light, 

adaption  of  eye  to,  632,  633 
antirachitic  action  of,'  430 
and  diameter  of  pupil,  665 
red,  iriscnsitivity  of  rods  to,  632 
refraction  of,  642-644 
splitting  of,  by  prism,  655 
ultraviolet,  antirachitic  action  of,  430 
43  C  432 

irradiation  of  skin  by,  432 
vitamin  D  and,  408,  430,  432 
wave  lengths  of,  655 
sensitivity  of  retina  to,  632,  6zk 
Lillie,  Ralph,  518 

Lillie’s  iron- wire  model  of  nerve,  518 
Line  of  sight,  625 
Lipase,  321 
of  gastric  juice,  340 
of  intestinal  juice,  360 
_of  pancreatic  juice,  354 
Liperuia,  406 
Lip<>[>roteins,  395 
Liciuitl  parafliii, 

in  <le!aying  coagulation  of  blood,  no 
_  laxative  effect  of,  381 
Liquor  amnii,  742 
Liquor  follkuli,  713 
Liver, 

bile  prexiuction  by,  360,  364 
bicKxl^  supply  of,  226,  227 
deamination  in,  396 
as  dietary  itan  in  crythropoicsis,  73 
factors  of  vitamin  B  complex  in,  434 
and  fat  metabolism,  409 
gluconeogcnesis  in,  404 
glycogen  of,  404 
glycogenolysis  in,  403 
jaundice  and,  368,  369 
Kupffer  cells  of,  98 
mcs<xicr,m,  developed  from,  734 
of  new  born,  745 
nudeoprotein  in,  400 
secretion  of  bile  by,  364,  365 
^and  vitamin  A,  423 
Liver  cord.s,  360,  361 
Liver  extract, ,  sec  Hcmatinic  principle 
“  Living  test  tube,”  no 
Lobe(s), 

anterior  of  pituitary,  470,  471,  472, 
see  also  Pituitary  body,  pars  dis- 
^  talis 

diabetogenic  effect  caused  by  extract 
473»  47<5 

functions  of,  473ff. 

glycotropic  effect  caused  by  extract 

,  of,  473,  476 

ketogenic  effect  caused  by  exn^t 
of,  473)  477 

pancrcotrophic  effect  caused  by  ex¬ 
tract  of,  473,  477 


parathyrotrophic  effect  caused  by  ex¬ 
tract  of,  473»  477 
and  sex  functions,  495 
transplantation  of,  473 
of  cerebrum,  frontal,  584*  5o5 
occipital,  584,  586,  589 
parietal,  586,  588 
temporal,  58^.  588,  589,  680,  681 
of  mammary  gland,  7*8 
neural  of  pituitary,  470,  47i»  472 
posterior  of  pituitary,  470,  471,  472> 
477,  478 

extract  of  477,  478 

and  “  letting  down  of  milk,  497 

Lobule, 

of  liver,  361 

of  mammary  gland,  7^7,  7^8 
Locke’s  solution,  176,  I77 
Locomotor  ataxia,  ^74 

Loewi,  Otto,  207 

Longsightedness,  Hypcrmctropia 
Lov^n  reflex,  see  Reflex 
L  S  H,  Lutein  stimulating  hormone,  490 
Ludwig,  Carl,  146 
Lungs,  249,  25 X,  253 
air  in,  262-265 
air  spaces  of,  251 
exchange  of  gases  in,  270 
heat  loss  from,  4x5 
vital  capacity  of,  263,  264,  265 
Water  loss  from,  415 
water  vapor  of,  4x5 
Lutein,  491,  7x3 
Lymph,  52,  102 
coagulation  of,  107 
Lymph  glands,  see  Lymph  nodes 
Lymph  nodes,  103,  104,  105,  106 

effect  of  cortisone  on  enlargement  ot, 

468 

Lymph  vessels,  see  Lymphatics 
Lymphatic  duct  (right),  104 
Lymphatics,  loafif. 

Lymphatic  system,  102-X06 
Lymphocytes,  84,  88,  89,  9X 
in  chronic  inflammation,  94 
formation  of,  loi,  102 
and  immunity,  94,  234 
production  of  serum  globulin  by,  94 
Lymphocytosis,  94 
Lysine,  393 
Lysozyme,  625 

Macrocytes,  75 
Macrophages,  98,  99,  xoi 
Macula  lutca,  629,  630 
Magnesium,  atomic  weight  and  number 
of,  2 

in  blood,  56,  57 
in  diet,  439  .  ,  ^ 

in  relation  to  inositol,  428 
in  urine,  306 
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Magnesium  sulfate  (Epsom  salts),  380 
Maize,  ^  399 
Malaria,  230,  231 
Malleus,  676,  677 
Malpighi,  Marcello,  99,  220,  302 
Malpighian  corpuscle,  see  Glomerulus  of 
kidney 
Maltase,  359 

Maltose,  317,  318,  329,  402 
formula,  318 

from  glucose  by  action  of  ptyaiin, 

329 

Mammary  gland, 

development  of,  486,  717,  718 
effect  of  pituitary  extract  on,  478 
secretion  of,  496-498 
after  childbirth,  747 
Meat, 

caloric  value  of  per  pound,  438 
proteins  of,  399,  400 
Meatus(cs), 
auditory,  679 
external,  676 
internal,  680 
of  nose,  248 
Mediastinum,  253 

Medulla,  adrenal,  see  also  Adrenal  gland, 
medulla  of 
of  kidney,  299 
of  thymus,  500 

Medulla  oblongata,  583,  585,  597>  598- 
599 

Megacaryocytes,  48,  49 
Mcgacolon,  373 
Megaloblasts,  71 
in  anemia,  75 
Meissner’s  corpuscles,  708 
Mclanoblasts,  in  skin,  35 
Melanophorcs,  of  frog’s  skin,  480 
action  of  pituitrin  on,  479 
of  adrenaline  on,  464 
Membrana  granulosa,  713 

propria,  34  r  •  1 

Mcmbrane(s),  passage  of  material 
through,  63,  64,  66,  67 
basement,  29,  30,  36 
basilar,  678,  679,  682 
functions  of,  684-687 
“  strings  ”  of,  684.  685,  687 
drum,  see  tympanic 
Krause’s,  40,  41 
mucous,  34,  3^ 
of  intestine,  357 
origin  of,  733 
of  stomach,  335>  33o 
of  erythrocytes,  118,  119 
Reissner’s,  678,  679,  680 
of  round  window,  679 

scmipermcablc,  64,  65 

tectorial,  680,  682 
tympanic,  676,  677,  681 
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Membrane  theory  of  excitation  and  con¬ 
duction  in  nerve,  518 
Menopause,  461 
Menstrual  cycle,  489,  490,  491 
Menstruation,  489,  490,  49’^ 

Mercaptan,  smell  of,  703 
Mercury,  as  a  diuretic,  309 
Mercury  manometer,  150,  i54-"i57 
Mercury  vapor  lamp,  430,  432 
Mesencephalon,  ree  Mid -brain 
Mesentery,  352 
Mesoderm,  733,  734 
Metabolism,  25,  382^.,  see  also  Basal 
metabolic  rate, 
of  carbohydrate,  401^, 
effect  of  fever  on,  419 
increase,  cause  of  dyspnea,  286 
of  nerve  cells,  567 
of  protein,  see  Protein  metabolism 
of  purines,  see  Purines,  metabolism  of, 
in  sleep,  620 
water  of, '53,  54 
Metalioporphyrins,  68,  69 
Metaphase,  27 
Mctaprotcin,  395 
Mctarteriolc,  220,  221 
Methionine,  393 
Micellae  of  skeletal  muscle,  546 
Microglia,  557 
Microgram,  440 
Micron,  30,  footnote 
Microphages,  98 
Microvolt,  590,  footnote 
Micturition,  3 raff, 
centers  for,  315 
nerves  governing,  314 
Mid-brain,  585,  596 
Midget,  483 

Milk,  caloric  value  of,  439 
clotting  of,  340 
composition  of,  719 
irradiated,  431,  432 
proteins  of,  399,  401,  496,  497 
secretion  of,  496-498 
hormone  control  of,  496,  497,  498 
nervous  control  of,  497 
as  a  source  of  calcium,  440 
vitamins  of,  423,  719 
Milk  sugar,  see  Lactose 
Millimicron,  430,  footnote 
Millivolt,  591,  footnote 
Minerals, 

action  of,  on  heart,  176 
of  blood,  56,  57 
requirement  of,  in  diet,  430 
Minot,  G.  R.,  75 

Minute  volume,  see  Cardiac  output 
Mitochondria,  26 
Mitosis,  27,  28 
in  sex  cells,  726,  727 
in  uterine  muscle,  716 


Molds,  230,  231 
Molecular  weight,  8,  9 
Molecules,  8jff. 

Monocytes,  89,  97 

Monosaccharides,  402 

Morphine,  action  of,  on  pupil,  420  66k 

Morula,  732  ’  ^ 

Motoneurons,  528 

Motor  end"platc,  529 

Motor  units,  528/529 

Mountain  sickness,  286 

Mouth,  salivary  glands  of,  323 

Movements, 

bucket  handle  in  respiration,  257,  258 

of  large  intestine,  2320.. 
of  small  intestine,  369-371 
effect  of  adrenaline  on,  461,  462 
of  pituitrin  on,  481 
innervation  of,  371 
triaminc  and,  426 
of  stomach,  348,  349 
Mucin,  36 
in  bile,  361 
in  gastric  juke,  340 
in  treatment  of  gastric  and  duodenal 
ulcer,  341 

Mucosa,  see  Membrane,  mucous 
Mucus,  35 
gastric,  337,  345 
intestinal,  359 
Mumps,  230 
Murmurs  in  heart,  190 
Murphy,  W,  P.,  75 
Murray,  George,  452 
Muscac  volitantes,  672 
Muscarine,  action  of  on  heart,  206 
Muscle,  see  also  specifically  named 
Muscle 
Muscle,  cardiac, 

blood  supply  of,  see  Circulation, 
coronary 
disease  of,  211 

excitability  and  contmetility  of,  ibpff. 
fibers  of,  170 

arrangement  of  in  ventricle,  125, 
126 

length  and  contractile  energy  of,  210 
structure  of,  169 
glycogen  of,  178 
hypertrophy  of,  39-42 
necrosis  of  in  coronary  occlusion,  224 
properties  of,  i69ff, 
refractory  periods  of,  172 
rhythmicity  of,  172,  173 
scar  tissue  in,  224 
structure  of,  169,  170 
utilization  of  lactic  acid  by,  178 
Muscle,  skeletal,  525-556 
abductors,  530 
accessory  of  respiration,  258 
actiqn  currents  in,  543 
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antagonists,  530 
antigravity,  574>  575 
capillaries  o£,  221 
cells  (fibers)  of,  39>  40 

types  of  arrangement  ot,  525 
cerebellum  and,  607,  608 
chemical  composition  of,  54® 
contraction  of,  Muscular  contrac- 

development  of  from  mesoderm,  733 
dorsi  and  plantar  flexors,  53® 
efficiency  of,  544  . 
electrical  changes  m,  533 
energy,  expenditure  of,  545 
extensors,  529 

fatigue  of,  54®  . 

effect  of  adrenaline  on,  102 
fixation,  531 
flaccidity  of,  575 
flexor,  529 

functional  anatomy  ot,  5^5 
glycogen  of,  403»  4®4,  547.  549 
heat  production  by,  546.  55 55® 
heat  rigor  of,  543 
histology  of,  40-42 
hypertonus  of,  575 
innervation  of,  428 
lactic  acid  in,  404,  547>  548>  549 
lead  pipe  ”  rigidity  of  m  diseases  ot 
corpus  striatum,  594 
motor  end-plate  of,  52B,  5^9 
myoneural  junction  of,  529.  53® 
fatigue  of,  54}  .  7' 

neuromuscular  junction  of,  see  myo 
neural  junction  of 

red  or  dark,  528  . 

rigidity  of  in  disease  of  corpus  stri¬ 
atum,  594 

rigor  mortis  of,  543  .  . 

sound  produced  by  during  contraction, 

189 

spasticity  of,  575  . 

stimulation  of,  53*“*  , 

direct  and  through  nerves,  54i 
structure  of,  see  histology  ot 
synergists,  53 1 
tendons  of,  526 
tone  of,  see  Tone 
transformation  of  energy  by,  549 
twitch  of,  522 

types  of  movement  ot,  529,  53® 
vasodilator  sympathetic  nerves  ot,  212, 

613 

and  venous  blood  flow,  103 
vitamin  E  in  metabolism  ot,  433  . 

volume  of  constant  during  contraction, 
528 

voluntary  control  of,  586,  587,  594 

while  or  pale,  528 

work  of,  544  .  , 

Muscle,  smooth  or  unstriated 


effect  of  adrenaline  on,  462 
of  pituitary  extract  on,  47^ 
of  intestine,  contractions  of,  3®9"37i. 

373.  374 

properties  of,  321,  322 
of  skin,  33,  34.  4^^ 
of  stomach,  335  ^ 

contractions  of,  see  Gastric  motili  y 
Muscle (s),  specifically  named, 
ciliary,  625,  650,  673 
constrictor  pupillae,  664,  065 
constrictors  of  pharynx,  332 
detrusor  of  bladder,  3^2,  3^3 
dilator  pupillae,  664  , 

masseter,  action  of  in  mastication,  33 
papillary  of  heart,  124 
pterygoid,  action  of  in  mastication,  33 1 
scalenus,  action  of  in  respiration,  258 
stapedius,  677  .  . 

sternomastoid,  action  of  in  respiration, 

25B 

temporal,  action  of  in  mastication,  331 
tensor  tympani,  677  . 

Muscle,  striated  or  striped,  Muscle, 

skeletal  ,1,1 

Muscle,  voluntary,  see  Muscle,  skeletal 
Muscle  hemoglobin,  546,  547 
Muscle  spindle,  566 
in  stretch  reflex,  571 

Muscle  twitch,  535.  Muscle, 

skeletal 

Muscular  contraction,  53iff« 

chemistry  of,  547^*  . 

effect  of  graded  stimuli  on,  53® 

of  loading  on,  539,  544  . 

of  sodium  iodoacctatc  on,  54»»  549 
of  temperature  on,  542 
of  veratrine  on,  542 
heat  production  in,  392,  4^4.  4i5»  55 
552 

of  isolated  frog  muscle,  53in* 
isometric  and  isotonic,  54®>  545 
latent  period  of,  535 
phases  of,  534.  548,  549 
recording  of,  53 532 
simple  (twitch),  534 
source  of  energy  for,  547 
summation  in,  537,  53° 
tetanic,  537,  538  ^ 

treppe  phenomenon  in,  539 
Muscular  exercise,  552-55^ 
dyspnea  in,  286 

effect  of  on  blood  pressure,  152,  555 
on  body  temperature,  41 1 
on  heart,  21 1,  555 
on  heart  rate,  201,  555  . 

on  heat  production,  392,  414,  4^5 
on  metabolic  rate,  392 

respiratory^nd  circulatory  adjustments 

in,  554,  555 
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splenic  contraction  in,  60 
“  steady  slate  ”  in,  553 
Muscular  training, 

effect  of  on  nitrogen  balance,  397 
on  heart,  555,  556 
on  heart  size,  556 
Muscularis  mucosae,  36 
Musculi  papillarcs,  of  heart,  124 
Mustard,  as  emetic,  352 
Myelin,  504,  505,  506 
Myelin  sheath,  559 
Myeloblasts,  95,  Plate  2 
Myelocytes,  95,  Plate  2 
Myofibrils,  40,  41 
Myoglobin,  546 
Myoneural  junction,  529 
Myopia,  668,  669 
Myosin,  399,  551,  546 
as  an  enzyme,  551 
molecule  of,  550 

role  of  in  muscular  contraction,  551 
Myxedema,  449,  450,  451 

treated  with  thyroid  extract,  452 

Nature,  healing  power  of,  239 
Navel,  see  Umbilicus 
“  Needling  ”  for  cataract,  674 
Negative  exponent,  114 
Nephritis,  31 1,  312 
edema  in,  311 

Nephron,  294,  295,  296,  298 
blood  supply  of,  297,  298 
Ncrvc(s),  see  also  Nerve  fiber 
abducent,  600,  602 
accelerator  of  heart,  20 r,  203,  204 
accessory,  600,  604 
accommodation  of,  51 1 
acoustic,  see  Auditory  nerve 
action  currents  of,  513-514 
afferent  and  efferent,  502,  503 
**  all  or  none  **  principle  in,  516,  517 
aortic,  216,  217 
auditory,  600,  603,  680,  686 
augmentor,  see  Accelerator  nerve 
to  bladder,  314 

“buffer’*  (aortic  and  sinus  nerves), 
219 

cardiac,  see  Vagus  nerves,  Accelerator 
nerve 

cardiac  depressor,  see  Aortic 
chemical  changes  in,  524,  525 
chorda  tympani,  325,  326,  327,  603 
taste  fibers  in,  703 
vasodilator  fibers  in,  609 
chronaxic  of,  51 1,  512,  513 
Tabic,  514 
conduction  in,  558 
cranial,  599-604 
degeneration  of,  505,  506 
retrograde,  506 
Wallerian,  505,  578 


diameters  of,  513 
efferent,  502,  503 
electrical  changes  in,  513,  514-516 
clcctr<x:hcmical  changes  in,  519 
eiectrotonus  in,  509-511 
facial,  326,  600,  602,  603 
glossopharyngeal,  216,  217,  326  ^4 
600,  603,  703  ’  ’ 

sinus  branch  of,  603 
in  swallowing,  334 
taste  fibers  in,  703 
tympanic  branch  of,  603 
heat  production  in,  524 
hypoglossal,  600,  605 
in  swallowing,  334 
indefatigability  of,  567 
intermediate,  602 
Lillie’s  iron-wire  model  of,  518 
lingual,  325,  326 

taste  fibers  in,  702,  703 
medu Hated,  503,  504 
membrane  theory  of  conduction  in 
5^8 

mixed,  502 

motor,  502,  503,  528 

myelin  sheath  of,  504,  529 

myelinated,  503,  504 

myelinadon  of,  504 

neurilemma  of,  506,  507,  508 

neurofibrils  of,  504,  505 

nonmcdullatcd,  503,’ 504 

nonmyelinated,  503,  504 

oculomotor,  596,  600,  60 

olfactory,  600,  601,  706 

optic,  505,  600,  601,  624,  625,  628, 

638,663 

crossing  of  fibers  of,  638 
electrical  currents  in,  637 
parasympathetic,  see  Parasympathetic 
nerves 
pelvic,  610 

in  act  of  ejaculation,  725 
to  bladder,  314 
to  penis  and  clitoris,  213,  610 
phosphocrcatinc  in,  525 
phrenic,  277,  278 

polarization  and  rcpolarization  of,  519, 
520 

refractory  periods  of,  519,  520,  521 
regeneration  of,  507,  508 
renal,  297,  298,  299 
to  salivary  glands,  324-327 
sensory,  502,  503 

sinus,  205,  216,  217,  218,  603,  see  also 
Sinus  nerve 

spinal, 

primary  divisions  of,  579 
roots  of,  563,  577,  578 
splanchnic,  156,  212,  298,  6n 
to  kidney,  298 
vasoconstriction  by,  156 
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stimulation  of,  508-513 

strength-duration  curve  of,  512 
structure  of,  502lf. 
sympathetic,  Sympathetic  nerves 
of  taste,  702,  703 
trigeminal,  600,  601,  602 
in  swallowing,  334 
trochlear,  600,  601 

two-way  conduction  in,  5^7»  573>  574 
tympanic,  see  Nerve,  glossopharyngeal 
types,  502,  503 

vasoconstrictors,  211,  212,  213 
in  rabbit’s  car,  214,  215 
tone  of,  214,  215 

vasodilator,  21 1,  212,  213,  609,  610 
to  brain,  228,  229 
vasomotor,  21  iff. 
vestibular,  693,  694 
Nerve  fibers,  see  also  Nerve 
adrenergic,  615 
association  of  cerebrum,  584 
axis  cylinder  of,  504 
to  brain,  229 
cholinergic,  615 
to  clitoris,  213,  610 
commissural  of  cerebrum,  584 
local  excitatory  state  in,  508 
to  motor  unit,  529 
to  muscle,  615 
to  penis,  61 0 

physiological  properties  of,  508 
polarization  and  depolarization  of, 

519  ^  ^ 

postganglionic,  609,  610,  on 
preganglionic,  609,  6io,  61 1 
projection  of  cerebrum,  583 
to  salivary  glands,  325,  326 
single  of  optic  nerve,  635 
of  taste,  602,  603,  616,  702,  703 
in  conditioned  reflex,  616 
vasoconstrictor,  2x1,  212 
vasodilator,  603,  604,  609,  610 
velocity  of  conduction  in,  5^0,  521 
visual,  see  also  Nerve,  optk 
course  of,  638,  639,  640,  641 
Nerve  impulsc(s),  508,  516-523 
antidromic  vasodilator,  213 
frequency  of,  521 
nature  of,  5i6ff. 
in  reflex  arc,  567 
Nervus  intermedius,  602 
Neural  stalk  of  pituitary,  470,  471 
Neurofibrils,  557 
Neuroglia,  557 
Ncurolemma,  559 

Ncuron(s),  557  ,  . 

connector,  effector,  and  receptor,  502, 
563,  564 
structure  of,.  557 
upper  and  lower  motor,  581 
Neutron,  3 


Neutrophilia,  94 
Neutrophils,  89,  Plate  2 
New  born, 

heart  rate  of,  545,  745 

hemorrhagic  disease  of,  no,  435,  746 

jaundice  of,  669 

mammary  secretion  in,  498 

physiology  of,  745,  746 

reflexes  pf,  746 

renal  function  in,  745 

respirations  of,  745 

sleep  requirement  of,  620 

urine  of,  745 

Niacin,  422,  426,  427,  434 
Nicotine,  action  of  on  heart,  206 
Nicotinic  acid,  see  Niacin 
Night  blindness,  423,  434,  634 
Nipple  of  mammary  gland,  717,  718 
Nissl  bodies,  558 

in  degenerating  nerve  cell,  506 
Nitrogen, 

in  atmosphere,  268,  269 
atomic  weight  and  number  of,  2 
equilibrium,  397,  399 
equivalent  weight  of,  lo 
in  expired  air,  268,  269 
in  feces,  397 
inert  in  respiration,  268 
percentage  of  in  body,  3 
in  urine,  300 
from  food,  300 

from  tissue  “  wear  and  tear,”  397 
Nitrogen  balance,  397 
Nocturnal  enuresis,  315 
Nodal  tissues  of  heart,  179 

Node(s),  A  •  1 

auriculovcntricular,  see  Auncukiven- 
tricular  node 

lymph,  104,  105,  see  also  Lymph  nodes 
of  Ranvier,  504 

sinoatrial,  see  Sinoauricular  node 
Nonelcctrolytcs,  15 
Nonose,  402 
Nonprotein  nitrogen, 
in  blood,  56 
in  skeletal  muscle,  546 
Nonthreshold  substances,  307 
Noradrenaline,  463,  footnote 
Normal  antithrombin  of  blood,  108 
Normoblasts, 
in  anemia,  62 

in  bone  marrow,  48  (figure),  62,  71, 
Plate  2 

Nose,  interior  of,  248,  704 
“Nuclear  satellite,”  558 
Nuclease,  359,  400,  401 
Nuclein,  400,  401 
Nucleolus,  26 
Nucleoprotcin,  400,  4<^i 
Nucleosidase,  359,  400,  401 
Nucleotidase,  359 
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Nucleotides,  400,  401 
Nucleus  (luicki), 
acoustic,  680,  681 
ambiguus,  603,  604 
of  atom,  I 
structure  of,  3 
caudate,  593 
of  cells,  25,  26 
cerebellar,  606 
cochlear,  680,  681 
of  cranial  nerves,  599 
cuneatus,  582,  599  1 
dentate,  606 

expulsion  of  from  normoblasts,  7X, 
Plate  2 

graciliis,  582,  599 
of  hypothalamus,  594 
lenticular,  sec  lentiform 
lentiform,  593 
in  mitosis,  27 
of  muscle  cells,  41,  42 
as  a  nerve  center,  593,  fcKWnotc 
of  oculomotor  nerve,  596 
pontine,  598 
red,  593,  596,  598 
connections  of,  608 
salivatory,  325,  326,  602,  703 
supra-optic,  594 

of  trigeminal  nerve,  601,  602,  603 
of  trcKhlcar  nerve,  596 
tubcral,  594 
of  vagus  nerve,  604 
vestibular,  693,  694 
destruction  of,  575 
Nutrition,  3820. 
of 'fetus,  736 

Nyctalopia,  see  Night  blindness 
Nycturia,  302 
Nystagmus,  695,  696 

Obesity,  384,  410,  41 1 
due  to  adrenal  tumor,  470 
following  castration,  486 
Octosc,  402 

Ocular  accommodation,  see  Eye,  accom¬ 
modation  of 

Ocular  hypertension,  see  Glaucoma 
Ocular  muscles,  662'“664 
innervation  of,  663,  664 
Odors,  classification  of,  705 
Oestrus,  see  Estrus 

Olfactory  bulb,  600,  sec  also  Nerves, 
olfactory 

Oligodcndroglia,  557 

Oliver,  G.  460 

Oosperm,  see  Zygote 

Ophthalmoscope,  629 

Optic  chiasma,  638 

Optic  papilla,  629 

Optic  radiation,  641 

Optic  thalamus,  590,  591,  592,  593 


Optic  tract,  640 
Oprical  illusions,  661,  662 
Optical  {)rincipics,  643-645 
Optogram,  634 
Orbital  cavity,  663 
OsmorccqHors,  310 
Osmosis,  64,  6s,  (>6 
Osmotic  pressure,  64 

and  secretion  of  urine,  303,  304 
Ossification,  4s 

Osteitis  fibrosa  cystica,  457,  458 

Osteohiasts,  47 

Ostcocytes,  47 

Osteomalacia,  456 

Otolithic  organs,  681,  693,  697 

Otoliths,  6^3,  697 

Oval  window  of  car,  677,  68 1,  682 
683 

Ovalinmun,  399.  400 
Ovariectomy,  486 
Ovary, 

section  of,  713 
Overweight,  see  Olx'sity 
Ovit! net,  714 
Ovovitellin,  ^i)<) 

Ovulation,  488,  489,  490,  491 
Ovum,  discharge  of  from  ovary,  see 
Ovulation 

fertilization  of,  487,  490,  493,  713, 
7*4,  7^7»  728,  729, 

73<h  73^ 

implantation  of,  7^5 
maturation  of,  714 
primordial,  712,  713 
segmentation  of,  731 
Oxalate,  anticoagulant  action  of,  108, 
109 

Oxidation,  1:  t 

in  cells,  see  Respiration,  internal 
by  enzymes,  ii,  321 
of  fat,  410 

of  glucose,  403,  404,  406 
and  heat  production,  3820. 
in  muscular  contraction,  548 
of  protein,  384,'  396 
in  tissues,  see  Respiration,  internal 
thyroxine  and,  453 
Oxidaze,  321 
Oxygen, 

absorption  of  by  blood,  69,  70^ 
tissue  cells,  246,  247 
in  alvcohr  air,  268,  269 
in  arterial  blcKxl,  271,  273,  274 
arterio-venous  difference,  141 
in  atmosphere,  268,  369 
at  high  altitude,  280 
atomic  weight  and  number  of,  2 
and  cardiac  action,  208,  209 
equivalent  weight  of,  10 
molecule  of,  9 

in  muscular  contraction,  540,  553 


partial  pressures  in  relation  to  respira¬ 
tion,  269,  271 

in  perfusion  of  heart,  175 
saturation  of  arterial  blood  with,  273, 

274  . 

supply j  to  fetus,  73^ _ 

in  muscular  exercise,  550 
transport  of  in  blo<xl,  272 
in  venous  blood,  271,  272 
Oxygen  capacity  of  hemoglobin,  272 

Oxygen  debt,  553  - ,  1  i 

Oxygen  dissociation  curve  of  hemoglobin, 
see  Hemoglobin 

Oxygen  (lack)  want,  ree  Anoxia 
Oxyhemoglobin,  69,  272 
Oxytocin,  47^j  4B1 

and  onset  of  labor,  745 


Pacinian  corpuscle,  707,  708 
Pain,  see  Sensations 
Palate,  33^  ^ 

Pancreas,  317^  353»  354.  4<>5»  40f> 
action  of  anterior  pituitary  on,  473 
diabetes  and,  405 
effect  of  pituitrin  on,  490 
insulin  production  by,  4<)4»  4f>5 
islets  of  Langerhans  in,  405^  40« 
removal  of,  405  ...»  / 

secretion  of  pancreatic  juice  by,  35 
Pancreatectomy,  405,  49^ 

Pancreatic  juice,  354-357 
composition  of,  354»  357 
secretion  of,  356,  357 
Panting,  415 

Pantothenic  acid,  422,  427*  42o,  434 
Papillae,  of  skin,  33»  34 
of  tongue,  700,  701 

Papillary  muscles,  see  Muscles,  specmcally 
named 

Para-aminobcnzoic  acid,  422,  428  ^ 
and  action  of  “  sulfa  drugs,  241, 
footnote 
Paracasein,  340 
Paraffin  oil,  381 
Paralax,  655 
Paralysis  agitans,  594 
Parasites,  230,  231,  232 

eosinophil  leucocytes  and,  94>  95 
Parasympathetic  nerves,  609-610 
to  clitoris,  610,  725 
to  heart,  201-203 
to  iris,  664,  665 
to  large  intestine,  373 
to  penis,  610,  725 
to  salivary  glands,  325,  326 
to  small  intestine,  371,  372 
vasodilator,  212,  213,  609,  610,  613 
Parathyroid  extract,  456 
Parathyroid  glands,  454-457 

action  of  anterior  pituitary  on,  473 
adenoma  of,  457 
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function  of,  455,  456 
Parathyroidectomy,  454 
Paroxysmal  tachycardia,  199 
Pars  anterior  of  pituitary  body,  see  Pitui¬ 
tary  body,  pars  distalis 
Pars  pylorica,  of  stomach,  336 
Pars  tuberalis,  of  pituitary  body,  ree  Pi¬ 
tuitary  botly 

Parthenogenesis,  629,  730 
Parturition,  sec  Labor 
Pathogenic  microorganisms,  230,  231 
Pavlov,  Ivan,  and  conditioned  reflexes, 
615,  619 

and  gastric  secretion,  341,  344 
and  theory  of  sleep,  622 
Pavlov  pouch,  342 
Peas,  proteins  of,  399 
Peduncles, 

cerebellar,  597,  606,  607,  608 
cerebral,  583,  595 »  59^>  597 
Pellagra,  427 
Pelvis, 

female,  715 
of  kidney,  297 
male,  725 
Penicillin,  242 
PenicilUum  notatum,  242 
Penis,  ^3-7^5 

erection  of,  213,  724 
innervation  of,  725 
vasodilator  fibers  to,  610,  725 
Pentoses,  402 

in  nucleic  acid,  400,  401 
Pepsin,  3I7»  3^9»  32i»  339 
Pepsinogen,  339 
Peptidases,  359 
Peptids,  395 
Peptones,  395 
Pericardium,  122,  123 
Perikaryon,  557 
Perilymph,  679 
Perimeter,  639,  640 
Perimysium,  41,  42  . 

Perineurium,  502,  503 
Period,  of  diastasis  in  cardiac  cycle,  I03, 
rS4,  185,  186 

of  ejection  in  cardiac  cycle,  183,  184, 
185,186 

of  isometric  contraction  of  cardiac  cy¬ 
cle,  183,  184  185,  186 
of  isometric  relaxation  of  cardiac  cy¬ 
cle,  183,  184,  185,  186 
of  puerperal,  see  Fuerperium 
of  rapid  filling  of  cardiac  cycle,  183, 
184,  185,  186 

of  refractory  of  heart,  see  Heart 
of  skeletal  muscle,  see  Muscle,  skde^ 
tal 

of  nerve,  see  Nerve 
Peripheral  resistance,  152,  i54»  *55 
splanchnic  nerve  and,  156,  61 1,  612 
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Peristalsis,  333 
pstric,  348,  349 
intestinal,  369,  370 
Peristaltic  rush,  370 

Pcbicious  anemia,  75,  sec  also  Anemia 
pstric  anacidity  in,  346 
jaundice  in,  368 
Perspective  in  vision,  655,  656 
Perspiration,  see  Secretion,  of  sweat 
Pcycr’s  patches,  106 

pH,  11511.,  see  also  Hydrogen  ion  con¬ 
centration 
of  blood,  120 
of  body  fluids,  116 
of  pstric  juice,  338 
of  intestinal  contents,  379 
optimum  for  enzyme  action,  320 
for  peptic  action,  339 
for  tryptic  action,  355 
regulation  of,  iid,  117 
of  saliva,  328 
of  urine,  301 
Phagocytosis,  98,  99 
in  spleen,  loi 

Pharyngeal  pouches  in  embryo,  747,  7^8 

Pharynx,  248,  332 

Phenylalanine,  393 

Phipps,  James,  238 

Phosphatides,  408 

Phosphines,  628 

Phosphocrcatinc, 

in  muscular  contraction,  547,  548,  549, 

551 

in  nerve,  525 
Phospholipids,  408,  409 
Phosphorus,  atomic  weight  and  number 
of,  2 
in  bone,  46 
in  diet,  439 

percentage  of,  in  body,  3 
in  protein,  392 
in  rcl^ion  to  inositol,  428 
vitamin  D  and  metabolism  of,  431 
Photosynthesis,  383,  386 
Physostigmine,  action  of,  on  heart,  206 
Pied  terminal,  pieds  terminaux,  560,  561 
Pigeons, 

crop  glands  of,  and  prolactin,  498 
thiamine  deficiency  in,  426 
Pigment, 

of  bile,  see  Bile  pigment 
of  retina,  626,  627,  628 
Pilocarpine,  action  of,  on  heart,  206,  208 
of  skin,  see  Skin,  melanin  of 
.on  pupil,  665 
Pineal  body,  501,  597 
Pinna  of  ear,  676,  681 
Pitch,  of  sound,  684  ff. 

of  voice,  290,  292 
Pitocin,  481 
Pitressin,  481 


Pitukytes,  472 
Pituitary  beniy,  470-485 
anterior  lobe  of,  see  pars  distalis  of 
connections  of  with  hypothalamus,  kqa 
disorders  of,  482-486  ^ 

hyaline  bodies  of,  572 
neural  lobe  of,  470,  471 
hormones  of,  477^. 
and  milk  secretion,  478 
and  onset  of  labor,  745,  746 
pars  distalis  of,  470,  471 
hormones  of,  4731^, 
pars  intermedia  of  hormone  of,  481 
pars  nervosa  of,  see  neural  lobe  of 
pars  tubcralis,  471 

posterior  lobe  oU  .see  neural  lobe  of 
_  table,  of  named  parts,  471 
Pkuitary  cachexia,  484,  485 
Pituitary  extract, 
action  of,^  4 77-4  So 
antidiuretic  action  of,  309,  310,  479 
effect  of  on  mclanophorcs,  479 
functions  of,  481 
galactogoguc  action  of,  478 
oxytocic  action  of,  478 
in  treatment  of  diabetes  insipidus,  485, 
486 

Pituitrin,  477,  see  also  Pituitary  extract 
Place  theory  of  hearing,  see  Hearing 
Placenta,  736,  737,  plate  16B 
degeneration  of,  in  late  pregnancy,  744, 
746 

expulsion  of,  after  childbirth,  747 
progestin  in,  493 
Plasma,  see  Blood  plasma 
Plasma  proteins,  see  Blood  plasma 
Platelets,  55 

in  coagulation  of  blmxl,  106,  107 
Pleurisy,  varieties  of,  253 
Plcxus(cs),  ' 

Auerbach’s,  371,  372,  610 
brachial,  579 
cervical,  579 
lumbosacral,  579 
Meissner’s,  371,  37a 
subpapillary  venous,  222,  413 
of  sympathetic,  212 
Plica  circularcs,  378 
Plutonium,  2,  4 
Pneumonia,  230 
Icucopenia  in,  95 
Poikilocytcs,  62 
Poikilothcrmic  animals,  412 
Poiseuillc,  J.  M*,  145' 

Polarization  of  nerve,  see  Nerve 

Polished  rice  as  cause  of  beri  beri,  424 

Polycythemia,  cyanosis  in,  290  1 

Polygraph*  196 

Polyneuritis,  424,  426 

Polypeptides,  395 

Polysaccharides,  402,  403 
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Pons  Viirolii,  59B 
Porphyrin,  68,  69  ^ 

Postcstrus,  48B,  4B9 

’’“rtornTwciRl.t  and  n.unhcr  of.  a 

in  Addison’s  disease,  4<>6.  4^»7 

in  blood,  57 
in  diet,  439 

in  fluid  to  perfuse  heart,  17 S 

inhibition  of  heart  cansed  hy  excess  of, 

i75»  ^76 
in  urine,  300 
P-R  interval,  194^  t95» 

Prccipitins,  234 
Pregnancy,  74 1  “743 

calcium  requirement  in,  440 
effect  on  cardiac  output,  i4t 
and  Rh  factor.  8?.  8.} 
termination  of.  740-“7.iS 
test  for,  4Q9 
and  vitamin  K,  43  t 

Premature  bcat.s  oi  hr.u  t,  t  ;  i:m,  tm 
Presbyopia,  06H 
Pressoreceptors,  .217 
Prc.ssurc(s), 

arterial,  rre  Artenal  Idtn.d  pte-.Mur 
barometric,  2(>o 
in  bladder,  3 1 1.  D  4 
cutaneous  sen.sation  <>t.  7‘’7 
filtration  in  renal  gloniet uhr.,  u'i 
of  fluid  in  perfusion  <4  hr-ut.  r;.t 
of  gases,  265  2()U 

partial,  of  rrspiraiotv  gasr*.,  270.  271 
hydraulic,  64 
hydrostatic,  64 
inira-abdominal,  ^74 
intraocular,  67s 
intrapleural,  a'5^ 
intrapulmonary,  2^;  <? 
intrathoracic,  2S3>  2S4 

efTcci  of,  on  venous  hlutul  ilour,  Dii 
negative  ”  in  thorax,  lO  •» 
osmotic,  see  Osmotic  pressiue 
partial  prcsMires,  law  <4,  are  Lasv 
pulse,  148 

subatm<isphcrk,  in  thorax,  ifri,  254* 

263 

Pressure  curves, 

intraventricular,  184,  i  8s 
intra-auriciilar,  186 

Prism,  refraction  of  light  hv,  <*42,  644 
splitting  of  white  light  hv,  hh;’* 
Progesterone,  see  Progestin 
Pfogestin,  492,  714 
in  adrenal  cortex,  46H 
anterior  piiuitarydikc  hormonr  and, 
499 

and  mammary  development,  718 
in  menstrual  cycle,  499 
and  onset  of  labor,  744 


role  «4’  in  i!TV|4.iiif afion  ot  r>vijm.  4 
734 

and  uirnnr  grosvtlg  710 
PloesUU*.,  487,  4SH,  481^ 

Ithrration  <4  r%fsadtol  in.  402 
Pmlactui,  47 h  4o9.  408 

Pronto'al,  -’4** 

Ihophasr  ot  nutoMs,  ,*7 

Pt<tpn<H.rptoi;s.  ;Hi, 

(4  t.uoUfl  Mini'.,  .’‘'S,  '17 

ui  tuuM'lr,  *,  sOf) 
nt  srntu'iuulu  tau-d'..  fu^ 
of  uttu'lr.  (mj.H 
Pio'4atr.  7.M.  724,  ?2S 
enLugrnirru  ot.  7-!S 
‘.rt  f  rtnm  (4'.  7  s 
Pfocaitunrs,  u)*s,  .{Off 
Pfutainuie  /uu  iin.uhn,  .p‘9 
Ihotanoni.dH', 

Pi£}t,uiopia,  top; 

Protra%r,  .«<*r  j/‘o  Ftotnnasr 
in  inu'mvtrs.  02 
Ihotri live  fUfx  luuu'-sti'.,  i  I  -’40 
riotrtlM  !. 

^llovvamr  o!  in  dun,  r' 
aimtu>  .uul*.  (4.  ‘rr  Aiutn**  .u  nt*. 

,ts  amphotriu  r|f «  U  *»l‘,  tr'.,  p)4 
laloiu  value  *4,  v8»;, 
rLuentn  ation  ot  (1  ahlr  i. 

<.  ftaguUtrd.  MX 
I  oinfH  f.u ion  <4, 
tonsugatrd,  oix 

drfu  unu  \  ot ,  a*,  a  t.  ano-  o'f  am 

digestion  i4,  i  i8, 

in  tiuMl*.,  M'i 

lotngn,  anfigenu  »  H,* 

ghuosr  toun.  40  » 

hrat  rqiusalrnt  of.  m-c  ia!‘*nc  sals 

loni/atum  *4,  ni  \ 

nairlritfa  ptr,  i{nfaiioii  *4.  |i|,| 

niruhohsm  ot.  .»rr  riotrin  mrtalu 

m  mdk..  710 

nsolri  ulr  ot,  m-I 

futsogeit  m, 

imiHtnr  value  ot.  luH.  nio 
♦  4  ptasfiu,  *ih,  97.  tre  ,iAo  |lloov{ 
tiui 

pm  tpnatum  *4. 

in  uf  nir  in  nrplii  nno  |i  t 
utdi/auon  of,  nil,  “luh 
Ptoinii  inrfaholnin,  pillh 

gasUtc,  see  tVpsin 
laani iratn, , 

Ihtgrtiutfa*  Pi4 
'Prnirows,  344,  pi'i 
Pfothfumbifg  my.  toH 
and  vifawiii  K,  ion,  4  n 
ddu: leiitA  of*  *09 
piotoiw,  I,  4 
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Protoplasm,  23,  24 
Protozoa,  pathogenic,  230,  231,  232 
Provitamin  A,  see  Carotene 
Provitamin  D,  430,  431 
Pscudopodium  (pseuciopcKlia  ) , 
of  aincba,  24 
of  leucocytes,  91 

Pscudoprcgnancy,  489,  493,  497 
Psittacosis,  230 

Psychic  phase  of  gastric  secretion,  341 
Ptcroylghitamic  acid,  see  Folic  acid 
Ptyalin,  317,  319,  321,  328,  329,  330 
digestion  of  starch  by,  329 
Puberty,  487 

development  of  mammary  glands  and, 
718 

gonadotrophic  hormones  and,  496 
Puerperal  period,  see  Puerperium 
Puerperium,  747 
Pulmonary  alveoli,  see  Alveolus 
Pulse, 

arterial,  see  Arterial  pulse 
venous,  196,  197 
Pulse  pressure,  148 

Punctum  proximum,  see  Eye,  near  point 
of 

Punctum  remotum,  sec  Eye,  far  point  of 
Pupil,  664,  see  aho  Iris 
action  of  atropine  on,  665 
constriction  of,  in  light  adaptation,  633 
dilatation  of,  in  dark  adaptation,  633 
in  stimulation  of  semicircular  ca¬ 
nals,  697 

during  accommtxlation,  652 
effect  of  adrenaline  on,  462 
innervation  of,  664,  665 
Purptives,  380 
Purine  metabolism,  400 
Purkinje  network  in  heart,  170,  180 
Purkinje  phenomenon,  632 
Purkinje-Sanson  images,  651,  652 
Purpura,  113,  114 
Pus,  92 
Putamcn,  593 
Pylorus,  317 
obstruction  of,  348 
Pyramids  of  medulla  oblongata,  599 
Pyridoxin,  427 
Pyrimidine,  400,  401 

Q  bands  of  striated  muscle,  40,  41 
Quinine,  effect  of,  on  body  temperature, 
420 

Rabies,  230,  238 
Rachitis,  see  Rickets 
Radiation  of  heat  from  body,  412 
Radioactivity,  5,  6 
Radium,  2,  4,  5,  6 

Ramus  communicans  (rami  communi- 
cantes),  61 1 


Rathke's  pouch,  470,  471 
Ratio, 

of  add  and  alkaline  phosphates,  in 
blocKl,  109,  no 
in  urine,  311 

carbonic  acid-bicarbonate,  119,  120 
121,  285  ’ 

Rayleigh,  Lord,  658 
test  for  partial  color  blindness,  658  " 
Ray s,^  from  radioactive  atoms,  5,  6 
Reaction, 

endothermic  and  exothermic,  382 
Reaumur,  Rend,  349 
Rcccptor(s),  235,  565,  566,  see  also 

Chemorcccptor,  Extcroceptor, 
I  ntercKcptor,  Pressoreceptors 
auditory,  679,  680,  681 
distance,  566 
of  hearing,  see  auditory 
of  skin,  707,  708,  709 
of  taste,  see  Taste  buds 
olfactory,  703,  704,  705,  706,  707 
visual,  see  R<xis  and  cones 
Rcciprcxal  inhibition,  568,  569,  570 
of  eye  muscles,  662 

RcciprcKal  innervation,  sec  Reciprocal  in¬ 
hibition 
Rectum,  317,  715 
Red  cells,  see  Erythrocytes 
Red-green  blindness,  657 
Red  peppers,  vitamin  C  in,  429 
Reduced  hemoglobin,  69 
Reduction,  ii 

Reduction  division,  of  chromosomes  in 
sex  cells,  727 
Reflex  (cs), 

action,  see  Reflex  action 
acquired,  see  conditioned 
arc,  see  Reflex  arc 
attitudinal,  697,  698 
axon,  572,  573 

Babinski,  572,  see  also  Babinski  re¬ 
sponse 

B'ainbridgc,  205,  206 
biceps,  571 
cardiac,  204,  205 
conditioned,  615-619 
and  defecation,  375 
and  gall  bladder  contraction,  366 
and  .gastric  secretion,  343 
inhibition  of,  618 
and  salivary  secretion,  327,  328 
and  sleep,  622,  623 
crossed  extension,  570,  571 
cutaneous,  572 
deep,  see  tendon 
defecation,  374 
depressor,  215 
ejaculation,  723 

extensor,  see  Babinski’s  response 
flexion,  565,  570 
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gastrocoiic,  374 

Herins-Breur,  282 

inborn,  see  uncoiKiitioncd 

Loven,  i6o 

Marey’s, 

neck,  699 

nociceptor,  570 
■  ocnlocardiac,  204^ 

otolithic,  697. 

patellar  (knee  jerk),  570 

plantar  (plantar  response),  572 

pressor,  215 

pupillary,  664,  ^>65 

respiratory,  281 

righting,  697 

scratch,  5l>5 

stato-kinetic,  697 

stretch,  57d 

superEcial,  see  cutaneous 
tendon,  57 1 

in  hemiplegia,  59^ 
in  sleep,  620 
triceps,  ^57 1 

unconditioned,  -527,  615 
vascular,  2i*)E- 
Keflex  action, 

Keflex  arc,  shi  -‘>E4,  377 
conduction  in,  sh7 

Keflex  center.  562,  571 

susceptibility  ol  to  laiiguc,  oxygen 
lack  and  ancMhesia,  *>97 
Kcfraction,  principles  of,  642-644 
Refractory  pcricMls, 

of  cardiac  muscle,  171 
of  nerve,  st9,  32<> 

Renal  calculi,  43 h 
Renal  failure,  see  also  NephnUS 
in  Addison’s  disease,  466,  467 
due  to  arterial  hypertension,  153 
Renal  function,  294ff. 

Renal  glomerulus,  294“-298,  303 
Renin,  153 
Rcnnin,  340 

of  gastric  juice,  340 
of  pancreatic  juice,  355 
Reproduction,  71 2-747 

effect  of  vitamin  E  on,  433 
female  organs  of,  yt'iB, 
male  organs  of,  ^ 

Resonance  theory  of  hearing,  084 
Respiration,  246B. 
abnormal,  284,  285 
artificial,  259,  a 60 
chemistry  of,  afiS'ff. 

Cheyne-Stokes,  280,  284,  285 
control  of,  2760, 

chemical  factors  in,  2780. 
reflex  factors  in,  28 10. 
effect  of  emotion  on,  281 
effect  on  bloo<i  pressure,  226 
venous  blood  flow,  162,  263 


external,  271 
fetal,  741,  742 
forced,  279 

gaseous  exchanges  in,  270,  271,  272 
internal,  247,  271,  384 
mechanics  of,  2520. 
modifications  of,  283,  284 
movements  of,  254,  255,  256,  257 
in  new  born,  745 
periodic,  284,  285 
phases  of,  254—256,  258 
ribs  in,  257 

of  unicellular  organisms,  50,  246 
Respiratory  quotient,  387-389 
in  muscular  contraction,  554 
nomprotein,  388,  389 
Rest,  curative  effect  of,  238,  239,  see  also 
Sleep 

Restiform  body,  606,  607 
Rete  testis,  720 

Reticuloendothelial  system,  97,  98 
Reticulocytes,  71 

effect  of  high  altitudes  on,  61 
Retina,  624,  626-630,  632,  635,  636 
compared  to  pholographic  .film,  632, 

635. 

coiTcsponding  points  in,  641 
electrical  currents  in,  637 
formation  of  image  on,  645,  646, 

^ ,  647  .  . 

identical  points  in,  see  corresponding 
points  in 

rods  and  cones  of,  see  Rods  and  cones 
sensitivity  of,  634,  635 
structure  of,  626-629 
Rctincnc,  633 
Rh  factor,  81-84 

erythroblastosis  fetalis  and,  84 
in  yellow  and  black  races,  83,  footnote 
l)regnancy  and,  84 
Rheobase,  512 
Rheoscopic  preparation,  543 
Rheumatoid  arthritis,  cortisone  and,  467 
Rhodopsin,  see  Visual  purple 
Rhyihmicity  of  cardiac  muscle,  169,  172 
Riboflavin,  422,  426,  427,  434 

source  and  functions  of  (Table),  434 
Ribs,  movements  of,  in  respiration,  257 
Rice  polishings,  425 
Richards’  experiment,  304,  305 
Rickets,  431,  43:2 
Ringer’s  solution,  X75,  X76,  I77 
R,  Q,  see  Respiratory  quotient 
Rods  and  cones,  of  retina,  626,  627,  628 
and  duplicity  theory  of  vision,  630, 

631 

Rolando,  fissure  of,  585,  586,  588 
Rotation,  effect  of,  on  semicircular  canals, 
695,  696,  697 

Rouget  cells,  220 
Roughage  in  diet,  380 


784  INDEX 

Rouleaux  formation  io  blood,  58 
Round  window  of  ear,  677,  679,  683 
Ruffini’s  end -organs,  708 

S-A  node,  see  Sinoauricular  node 
Saccule,  691,  693 
Saccus  cndolymphaticus,  692 
St.  Marlin,  Alexis,  350 
Saliva, 

composition  of,  328 
functions  of,  328-331 
pH  of,  328 
secretion  of,  324-327 
Salvarsan,  240 
Santorio  Santorio,  414 
Sarcolemma,  41 
Schafer,  Sharpey,  460 
Schafer’s  method  of  artificial  respiration, 
259,  260 

Scheincr,  Christopher,  647,  650 
Schemer’s  experiment,  650,  651 
Sclerotic  coat  of  eye,  625,  626 
Scorbutus,  see  Scurvy 
Scrotum,  720 
Scurvy,  429 
Seasickness,  351,  697 
“  Second  wind,”  553 
Secondary  sex  characters,  486,  487 
effect  of  adrenal  cortex  on,  469 
estradiol  and,  492 
Secondary  shock,  see  Shock 
Secretin,  442 
Secretion, 
apocrine,  719 
endocrine,  442^. 
gastric,  3410. 
abnormalities  of,  346 
conditioned  reflex  in,  343 
c0cct  of  alcohol,  histamine  and  other 
agents  on,  346 
of  fat  on,  348 
enterogastrone  and,  346 
nervous  control  of,  348 
phases  of,  341-345 
in  sleep,  620 
internal,  see  endocrine 
of  intestinal  juice,  360 
lachrymal,  624 
and  vitamin  A,  423 
mammary,  496-498 
after  child-birth,  747 
of  pancreatic  juice,  356 
of  prostate,  723,  725 
of  saliva,  324-326 
conditioned  reflex  in,  327,  616 
of  sweat,  414 
in  sleep,  62b 
Secretogogues,  344 
Segmentation  of  ovum,  732 
Semen,  722,  723,  724 
Seminal  vesicles,  720,  721,  724 


Semicircular  canals,  691-697 
functions  of,  6940. 

Sensation  (sense), 

auditory,  see  of  hearing 
conscious  center  of,  Area  somes- 
thetic 

cutaneous,  7070. 

course  of  fibers  of,  in  nervous  sys¬ 
tem,  592,  596,  599 
of  localization  of,  710 
of  pain,  708,  709,  710 
of  spatial  discrimination,  jxt 
of  temperature,  707,  708,  709 
of  touch,  596,  707,  708,  709 
equilibrium, 
of  hearing,  68 iff. 
impulse  frequency  and,  722 
kinesthetic,  566,  582,  589,  596 
conscious  center  of,  sec  Area,  somes* 
thctic 

course  of  fibers  of,  in  nervous  sys- 
tem,  599 

of  facial  muscles,  601 
receptors  of,  529 
muscle,  see  Kinesthetic 
of  pain,  596,  707,  708,  709,  710 
dual  nature  of,  521 
in  cornea,  239 

protective  function  of,  238,  239,  521 
recorded  in  optic  thalamus,  592' 
of  pressure,  707 
quality  of,  523,  524 
of  smell,  703-707 
of  taste,  700,  703 
of  temperature,  707,  708,  709 
^  recorded  in  optic  thalamus,  592 
visual,  see  Vision 
Sense  organs,  see  Receptors 
Septum, 

intcrauricular,  123 
interventricular,  123 
congenital  defect  of,  741 
Scrum, 

agglutinins  of,  80,  81 
dried,  85 

formed  in  coagulation  of  blood,  107, 
Plate  1 
frozen,  85 
proteins  of,  56 
transfusion  of,  84,  85 
Scrum  albumin,  56,  see  also  Blood 

Plasma,  proteins  of 

Serum  globulin,  56,  see  also  Blood 

Plasma,  proteins  of 

Scrum  proteins,  see  Blood  Plasma,  pro¬ 
teins-  of 

serum  sickness,”  245 

Sex, 

accessory  organs  of,  486,  715,  716, 
723-725 

and  basal  metabolic  rate,  392 
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and  blood  pressure,  152 
chromosomes  of,  730,  731 
and  color  blindness,  658 
determination  of,  730 
effect  of  adrenal  cortex  on,  469 
and  hemophilia,  113 
primary  organs  of,  set  Gonads 
secondary  characters  of,  4B6 
Sex  glands,  see  Gonads 
“Sham  feeding,”  34G  342,  343 
“  Sham  rage,”  595 
Sheath  of  Schwann,  504 
Sheep,  venous  blood  flow  during  shear¬ 
ing,  164 
Shell  shock,  242 
Shivering,  4^1  4^9  • 

Shock,  242-245 
anaphylactic,  244 
effect  on  heart  rate,  201 
primary,  242,  243 
secondary,  242,  243 
spinal,  575 
surgical,  242,  243 
traumatic,  242,  243 
Short  sightedness,  ste  Myopia 
Silicone,  no 

Silver  nitrate,  action  of  on  capillaries,  22 1 
Simmond’s  disease,  484,  485 
Sino-atrial  node,  set  Si  no-auricular  node 
Sino-auricular  node,  178,  I79»  tSi 
Sinus  (cs),  of  spleen,  99 
Sinus  venosus,  178,  179 
of  human  embryo,  739 
Sinusoids  of  liver,  227,  3^G  3f^2 
“  606,”  240 
Skin, 

arterioles  of,  223 

blood  flow  in,  222,  223,  4^2 

bronzing  of,  in  Addison’s  disease,  407 

capillaries  of,  222 

cholesterol  in,  430 

color  of,  35.  ,  r 

depigmentation  of,  in  Addison  s  ais- 
case,  467 

evaporation  of  water  from,  54,  4T5 
of  frog,  mclanophorcs  of,  479*  4^0 
functions  of,  35»  3^ 
in  hypothyroidism,  449 
irradiation  of,  431,  432 
layers  of,  32,  33»  34 
melanin  in,  35,  4f>7 
papillae  of,  33^  34,  222 
in  pyridoxin  deficiency,  427 
receptors  of,  707,  708,  709 
sensations  in,  707!!. 
smooth  musBe  of,  34 
contraction  of,  ^16 
.effect  of  adrenaline  on,  402 
effect  of  cold  on,  416  * 

“  spots  ”  (pain,  touch,  etc.)  in,  7^9 


sterols  of,  430 
structure  of,  31-36 
vessels  of,  222,  223 

in  regulation  of  body  temperature, 
412,  413 

and  vitamin  A,  423 
and  vitamin  D,  430 
Skyshine,  antirachitic  effect  of,  433 
Sleep,  620-623 
afferent  impulses  and,  622 
cortical  inhibition  and,  622 
metabolism  in,  438 
pupil  in,  622,  665 
theories  of,  621,  622 
Small  cell  infiltration,  94 
Smallpox,  230,  233,  237,  238 
in  Franco'Prussian  war,  238 
Smell,  nerves  of,  206 
Sneezing,  284 
Snellen’s  test,  636 
Sodium, 

atomic  weight  and  number  of,  2 
of  blood,  56,  57 
of  diet,  439 

effect  of  antidiuretic  hormone  on  ex¬ 
cretion  of,  309 

loss  of  in  Addison’s  disease,  309,  466, 

percentage  of  in  body,  3 
in  urine,  300 
Sodium  bicarbonate, 

as  a  buffer  in  blood,  iiyff. 
in  intestinal  juice,  359 
in  pancreatic  juice,  354 
in  saliva,  328 
tetany  caused  by,  456 
Sodium  carbonate,  in  pancreatic  juice, 

354, 

Sodium  chloride, 
as  an  emetic,  352 
formula  of,  8 
ionization  of,  14,  I5 
loss  of  in  sweat,  421 
molecule  of,  9 
in  Ringer’s  solution,  176 
solution  of,  for  transfusion,  86 
Sodium  glycocholate,  see  Bile  salts 
Sodium  hydroxide,  16 
ionization  of,  15 

in  soap  formation,  408 

Sodium  iodoacetate,  poisoning  of  muscle 

548  , 

Sodium  taurocholate,  see  Bile  salts 

Sols,  19 
Solute,  16 
Solutions,  16 

anticoagulant  in  blood  pressure  experi¬ 
ments,  1 46*  M7 
colloid,  19  . 

gum  acacia,  for  transfusion,  »7 
hypertonic,  68 
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hypotonic,  68,  87,  88 
isinglass,  for  transfusion,  86,  87 
Locke’s,  176,  177 
molar,  18 
molecular,  18 
normal,  17 
norma!  salt,  17 
physiological  saline,  17 
Ringer’s,  '175,  176,  177 
saline  for  transfusion,  86 
saturated,  17 
supersaturated,  17 
Tyrodc’s,  176,  177 
Solvent,  16 
Sound,  684 

appreciation  of,  see  Hearing 
intensity  and  loudness  of,  688,  6S9 
pitch  of,  6840. 

transmission  of,  681,  6B2,  683 
waves,  see  Wave 
Spallanzani,  Lazaro,  349 
Spasticity, 
in  hemiplegia,  592 
in  upper  neuron  lesions,  581 
Spatial  discrimination  in  skin,  71 1 
Spaying,  486 

Specific  dynamic  action,  392,  417 
Specific  gravity, 
of  blood,  55 
of  plasma,  55 
of  urine,  301 

“Spectacle  eyes,’*  428,  434 
Spectrum,  655 
Spermatocytes,  727 

Spermatozoon  (sixTmatozoa),  721,  722, 
72s 

conjugation  of  with  ovum,  714,  723 
formation  of,  721,  722 
in  vitamin  E  deficiency,  433 
Spherical  aberration,  666 
Sphincter, 
anal,  353 

effect  of  adrenaline  on,  462 
of  bladder,  312 
cardiac,  333 
spasm  of,  334 
ileocolic,  372 

effect  of  adrenaline  on,  462 
of  iris,  see  Sphincter  pupillac 
of  Oddi,  365 
pyloric,  336,  349 
action  of  adrenaline  on,  462 
Sphincter  pupillac,  664 

effect  of  adrenaline  on,  462 
Sphingomyelins,  409 
Sphygmograph,  167,  168 
Sphygmomanometer,  150 
Spinach, 

in  blood  regeneration,  73 
vitamin  A  in,  422 
Spinal  cord,  576-582 


columns  of,  577 
horns  of,  563,  577 

nerve  r<xHs  of,  rre  Nerve,  spinal  nerve 

roots 

tracts  of,  579 

Spinal  nerve  roots,  see  also  Nerve,  spi¬ 
na! 

anterior,  efferent  fibers  in,  213,  578 
posterior,  578,  579 

section  and  degeneration  of,  578 
vascxlilator  fibers  in,  212,  212 
Spindle, 

in  mitosis,  27,  727 
in  muscle,  529 
Spirilla,  231*,  232 
Spirochetes,  231,  233 
Spirometer,  264 
Spleen,  pBff. 

contraction  of,  after  hemorrhage,  78 
^  in  muscular  exercise,  555 
disposal  of  erythrocytes  by,  72 
lu fictions  of,  io()—so2 
removal  <>f,  sec  S{>icnectomy 
Splenectomy,  102 

Spoiled  sweet-clover,  anticoagulant  ac¬ 
tion  of,  IO<) 

Stjuint,  see  Sfraliismus 
Stagnant  anoxia,  287,  288 
Staircase  phenomenon,  .rer  Treppi; 
Stapes,  676,  677 
Staphyl<K:occi,  231,  232,  233 
Star  body,  727 
Starch,  402 

action  of  saliva  on,  329 
digestion  of,  328,  329,  355 
Starvation,  307 
Stcapsin,  321 

in  {lancrcatic  juice,  354 
Stercobilin,  363 
Stercobili nogen,  363 
Steroids,  408 

of  adrenal  cortex,  467 
Sterols,  408 
Stimulus  (stimuli), 

conditioned,  fit 6,  617,  618,  619 
qualities  of,  510,  511 
types  of,  508 

Stomach,  316,  317,  335,  336 
absorption  from,  377 
cancer  of,  346 

chronic  inflammation  of,  346 
emptying  of,  348,  349 

evacuation  of,  see  em,ptying  of 
general  description  of,  335 
glands  of,  336 
miniature,  342 

movements  of,  see  Gastric  motility 
in  sleep,  620 
parts  of,  336 
rougac  of,  335 

secretion  of,  see  Secretion,  gastric 


smooth  muscle  of,  335 
X~ray  of,  337 

Stomatitis,  331 

Strabismus,  663  „ 

Stratum  corneum  of  skin,  3^.  33 
Stratum  gcrmmativum  ot  skin.  3-.  .s3, 

35 

Stratum  lucidum  of  skin,  32,  33 
sStum  mucosum,  Stratum  germi- 

nativiim 

Streptococci,  231,  232,  233, 

Streptomyep,  242 

SweKhras  stintulus  to  uterine  growth 

and  contraction,  716,  740 
reflex,  see  Reflex 
Striate  body,  Corpus  striatum 
String  galvanometer,  see  Elcctrocaidio” 
graph 
“Stroke,”  59^ 

Styptics,  1 1 1 
Submucosa,  36 

Subpapillary  venous  plexus,  222^ 
Substitution  method,  in  endocrine  stud¬ 
ies,  443  ,  ,  . 

Succus  cntcricus,  sec  Intestinal  puce 

Suckling,  ,  ,  .  r 

effect  of  on  involution  of  uteius,  747 
effect  of  on  milk  secretion,  747 
Sucrase,  359 
Sucrose,  360 

“  Sulfa  drugs,”  232,  241 
Sulfadiazine,  241 
Sulfapyridinc,  241 
Sulfonamides,  24 1 
Sulfur,  ,  1. 

atomic  weight  and  number  or,  3 
percentage  of  in  body,  3 
in  urine,  300 
Summation, 

in  muscular  contraction,  537 
in  reflex  center,  5^8  ^ 

Sunshine,  antirachitic  action  of,  43«»  43^, 
433 

Sunstroke,  420,  421  . 

Superior  longitudinal  fissure,  503 
Superior  vena  cava,  ree  Vena  , 

Suprarenal  capsules,  see  Adrenal  giant . 
Surface  area  of  hotly  in  relation  to  basal 
metabolic  rate,  389““392  ^ 
Surgical  shock,  sec  Shock,  traumatic 
Suspensions,  tS 

Suspensokls,  19  A 

Suspensory  ligament  of  lens,  625,  45^ 

646,  649*  . 

in  accommodation  of  eye,  649^  bS® 
Swallowing,  331 
innervation  of,  334 
Sweat, 

latent  heat  of,  4^4 
secretion  of,  see  Sweating 
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Sweating,  414,  4^5>  4^7 
in  sleep,  620 
Sylvius,  fissure  of,  586 
Sympathetic  nerves,  61  off. 
to  bladder,  314 
cervical  part  of,  215 
to  coronary  arteries,  224,  613 
functions  of,  612 
to  heart,  203,  204,  612,  613 
to  iris,  612,  613,  665 
to  large  intestine,  373  ,  ,  . 

in  relation  to  adrenal  medulla,  450, 
459»  463 

to  salivary  glands,  325 
to  small  intestine,  37t>  372 
vasoconstrictor  fibers  of,  213,  214 
vasodilator  fibers  of,  212,  213 
Sympathetic  resonance  and  pitch  appre¬ 
ciation,  684 

Sympathin,  463,  465,  614,  615 
Sympatho-adrcnal  system,  464,  012,  013 
Synapse,  516,  560.  5^2.  564.  507 
in  autonomic  ganglia,  oii,  oi5 
central  excitatory  state  at,  568 
central  inhibitory  state  at,  569 
strychnine  and,  564 
Syncope,  156,  164,  218 
carotid  sinus  and,  218 
caused  by  fatigue,  164 
emotion  and,  164 
gravity  and,  164 
Syncytium,  169 

'Cricular,  182,  x84.  185.  186 

ventricular,  183,  184,  185,  186 

Tachycardia,  201 

paroxysmal,  199 

thyroid  on  metamorphosis  of, 

leucocytcl^of^i^  removal  of  effete  struc- 

tures,  93 

thyroidectomy  of,  445 
Tail 

of  human  embryo,  738.  {39 
of  tadpoles,  removal  of  by  leucocytes, 

1  93. 

Tartar  emetic,  351 

Taste,  700-703 
center  for,  703 
nerve  pathways  of,  702,  703 
nerves  of,  702>  703 

’  sensations  of,  701 

Taste  buds,  70O7  702 

Taste  organs,  see  T^te  buds 
Taste  receptors,  see  Taste  bud 
Tears,  624, 625  .  , 

Tectum  of  mid-brain,  590 
Tegmentum  of  mid-brain,  59 


r 
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Tclcreccptors,  566 
Telophase  in  mitosis,  27 
Temperature, 
of  body,  4H 

effect  of  drugs  on,  420 
elevation  of  (fever),  41 1,  418,  4,19 
in  heat  'stroke,  420 
regulation  of,  4x1-418 
effect  of  on  oxygen  dissociation  curve 
of  hemoglobin,  275 
of  environment,  41  iff. 
critical,  416 

effect  of  on  cardiac  output,  141 
on  heart  rate,  201 
on  metabolism,  392,  416 
on  muscular  contraction,  542 
of  fluid  for  perfusion  of  heart,  174 
and  gas  pressure,  267 
sensations  of,  see  Sensation 
Tendo  Achiilis,  see  Tendon,  of  Achilles 
Tcndon(s),  44,  525,  526,  527 
of  Achilles,  525,  526 
structure  of,  44 
Tendon  reflexes,  see  Reflexes 
Test  meal,  347 
Testes,  486,  72off, 

effect  of  gonadotrophic  hormones  on, 
496 

effect  of  hypophyscctomy  on,  495 
effect  of  removal  of,  see  C^'aistration 
secondary  sex  characters  and,  486 
structure  of,  720 
testosterone  from,  494 
and  vitamin. E  deficiency,  433 
Testosterone,  496 

Tetanus,  in  skeletal  muscle,  537,  538 
Tetanus  bacilli,  231,  232 
Tetany,  454,  455,  456 
latent,  457 
varieties  of,  456 
Tetrose,  402 

Theca  externa  and  interna  of  ovary,  712, 

714 

Theobromine,  diuretic  action  of,  309 
Thiamine,  422,  425 

sources  and  functions  of  (Table),  434 
Thoracic  duct,  103,  104 
Thorax,  movements  of  in  respiration, 
,254,  256 
Threonine,  393 

Threshold  substances  and  urine  produc¬ 
tion,  307 

Thrombin,  107,  108 
Thrombocytes,  xee  Blood  platelets 
Thromboplastin,  107,  108,  no,  in 
Thrombosis,  coronary,  224 
Thymus,  499,  500,  501 
nucleoprotcin  in,  400 
Thyreoglobulin,  452 
Thyroglobulin,  see  Thyreoglobulin 
Thyroid  extract,  445,  see  also  Thyroxine 


effect  of  on  axolotyl,  445,  446,  ... 

effect  of  in  tadpoles,  445 
in  hypothyroidism,  448,  449 
Thyroul  gland,  444-454 
action  of  pituitary  on,  473 
deficiency  <d,  see  Hypothyroidism 
drv(’Io{)ed  Irorn  mesoderm,  739 
enlargement  of,  see  Goiter 
ovcractivity  of,_w  Hyperthyroidism 
m  j’cgiilation  of  body  temperature,  417 
structure  of,  444 
summary  of  functions  of,  453 
toxic  adenoma  of,  452 
Thyroidectomy,  444,  445 
'1  InTott)xicosis,  451,  452 
'riiyrotrophic  hormone,  432 
'rhyroxinc,  443,  452,  453 
in  hypothyroidism,  449 
Tigroid  substance,  559 
'rimbre  of  voice,  292 
Tissuc(s),  23,  2 8 if. 

adipose,  44,  45,  53,  408 
water  of,  53 
areolar,  43,  44 
of  hone,  see  osseous 
of  bone  marrow,  48,  49 
cartilaginous,  45 
connective,  42!! 

water  of,  53 
clastic,  43 

in  arterial  wall,  130 
endothelial,  36,  37 
epithelial,  29ff. 
erectile,  of  clitoris,  725 
of  nipple,  718 
of  penis,  72  3,  724,  725 
fatty,  see  a<lipose 
fluids  of,  see  Tissue  fluids 
glandular,  38,  30 
glucose  in,  403 
junctional,  of  heart,  179 
lymphatic,  sec  Lymph  ncxles 
mammary,  717,  718 
muscular,  39-42,  see  also  Muscle,  car¬ 
diac,  Muscle,  skeletal,  and 
Muscle,  smooth 
nervous,  557 
nodal,  of  heart,  179 
origin  of,  from,  germ  layers,  733 
osseous,  46-49 

oxidation  in,  245,  246,  383,  384,  386 
thyroxine  and,  444,  453 
reaction  of,  to  infection,  92,  93,  96, 
233 

scar,  42 
of  heart,  224 
subcutaneous,  33,  34 
water  of  (Table),  53 
Tissue  fluids,  52,  53 
Tocopherol,  see  vitamin  E 
Tomatoes,  vitamin  C  of,  429 


Tone, 

of  skeletal  muscle,  523,  574,  575 
in  attimdinal  and  righting  reflexes, 
698,  699 

centers  governing,  576 
cerebellum  and,  608 
in  control  of  body  temperature,  417 
in  disease  of  corpus  striatum,  594 
in  lesion  of  lower  motor  neuron, 
581 

stretch  reflex  and,  571 
vestibular  nuclei  and,  576 
of  smooth  muscle,  321,  322 

postural  (of  hollow  organs),  322 
of  vagus,  see  Vagus  nerve 
Tongue,  332 

distribution  of  taste  on,  702,  703 
spatml  discrimination  sense  on,  71 1 
Tonometers,  273 
Tonsils,  lymphatic  tissue  of,  106 
Tonus,  see  Tone 
Touch  spots,”  709 
Toxin,  87,  234 
Toxoids,  238 

Toxophorc  group,  235,  236 
‘‘  Trace  ”  elements,  441 
Trachea,  37,  248,  249,  250,  332 
Tract(s), 

alimentary,  316,  323fl* 
of  Burdach,  582 
cercbello vestibular,  ,607 
corticobulbar,  586  o 

corticospinal,  574,  577>  580,  586,  587, 
59<5>  599 

of  new  born,  746 
frontopontine,  596,  598 
gastro-intestinal,  316,  335m 
vitamin  Bi  and,  425 
of  Goll,  582 

hypothalamico-hypophyseal,  594  j  595 
optic,  597,  640,  641 
pyramidal,  see  corticospinal 
respiratory,  248!?. 
rubrospinal,  58X,  59^»  598 
solitarius,  602 
spinocerebellar,  582,  606 
spinothalamic,  583,  599 
tectospinal,  597 
temporopontine,  596,  598 
vestibulocerebellar,  607 
vestibulospinal,  581,  694,  695 
Transfusion,  79ff. 

with  blood,  79,  80,  81,  84 
with  artificial  materials,  85 
Traumatic  shock,  see  Shock,  traumatic 
Tremor, 

in  disease  of  corpus  striatum,  594 
in  hyperthyroidism,  452 
Treppe, 

in  cardiac  muscle,  171 
in  skeletal  muscle,  539 
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Tricalcium  phosphate,  in  bone,  46 
Triceps  jerk,  see  Reflex,  triceps 
Triglycerides,  408 
Trigone  of  bladder,  312 
Triolein,  387,  408 
Tripalmitin,  408 
Tripeptids,  355,  395 
Tristearin,  408 
Trophoblast,  732 
Trousseau’s  sign,  457 
Trypanosomes,  231 
Trypsin,  317,  321,  354,  355 
Trypsinogen,  355 
Tryptophane,  393 
Tube(s), 

Eustachian,  332 
Fallopian,  714,  715 

fertilization  of  ovum  in,  723,  734 
Tuber  cinereum,  471 
Tubercle  bacilli,  231,  232 
Tubulc(s), 

renal,  294-298,  304,  305,  306 

concentrating  function  of,  305,  306 
reabsorption  by,  304,  305,  306 
structure  of,  294-297 
seminiferous,  720,  721,  722 
Tumor, 

of  adrenal  cortex,  468,  469 
of  brain,  587 

of  parathyroid  gland,  457,  458 
of  thyroid,  652 
Tunica  adventitia,  130,  131 
Tunica  intima,  130,  131 
Tunica  media,  130,  13 1 
Turbinate  bones,  248,  332 
Twins, 

fraternal  and  identical,  730 
Siamese,  730 
Tympanum,  676 
Tyndall’s  phenomenon,  19 
Typhoid  bacilli,  231,  232,  233 
Typhoid  fever,  leucopenia  in,  95 
Tyramine  formed  in  intestine,  376 
Tyrode’s  solution,  176,  177 
Tyrosine,  376,  393>  452,  453 
and  adrenaline,  461 
and  thyroxine,  452,  453 
Tyrothricin,  242 

Ulcer, 

duodenal,  340,  341,  347,  34° 
gastric,  340 
Ultrafiltration,  20 
Ultramicroscope,  19 
Ultraviolet  light,  see  Light 
Umbilical  cord,  736,  739 
tying  of,  743 

Umbilical  vessels,  see  Circulation,  tctal 

Umbilicus,  739 
“Universal  donor,”  80 
“  Universal  recipient,”  80 
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Uranium,  2,  4 
Urea, 

in  blocxl,  56,  57 

from  deamination  of  amino  acids, 

396 

in  skeletal  miisdc,  546 
in  urine,  300 
Ureter,  312,  313,  721 
action  of  adrenaline  on,  462 
Urethane,  action  of,  on  capillaries,  221 
Urethra,  312,  313 
female,  715 
male,  721,  723,  724 
Uric  acid, 
of  blood,  56,  57 
metabolism  of,  400 
of  urine,  300 

Urinary  bladder,  312,  313,  715^  721 
action  of  adrenaline  on,  462 ' 
pituitary  extract  on,  478 
developed  from  mesoderm,  314 
innervation  of,  314 
Urine, 

acctoacctic  acid  in,  405 
acidification  of,  307 
amino  acids  in,  300 
beta-hydroxybutyric  acid  in,  405 
calcium  in,  in  hyperparathyroidism, 
45B 

composition  of,  300,  301 
formation  of,  302ff. 
glucose  of,  in  diabetes,  405 
heat  loss  in,  415 
ketones  in,  405 
male  hormone  in,  494 
of  new  born,  745 
nitrogen  in,  389,  397 
pH  of,  30  X 
of  pregnancy,  499 
reaction  of,  see  pH  of 
specific  gravity  of,  301,  302 
urea  of,  396 
uric  acid  of,  400 
voiding  of,  see  Micturition 
volume  of,  302 
in  sleep,  620 
Urobilin,  363 
Urochromc,  301 
Urticaria,  106 
Uterus,  714,  715,  7x6 
contraction  of,  in  labor,  743 
effect  of  adrenaline  on,  462 
effect  of  hypophyscctomy  on,  495 
effect  of  pituitary  extract  on,  477 
glands  of,  49b 

growth  of,  during  pregnancy,  716 
involution  of,  after  childbirth,  747 
irritability  of,  in  late  pregnancy,  746 
mucosa  of,  715,  734 
in  menstrual  cycle,  489,  490 
in  pregnancy,  734 


Utricle,  691,  693 
functions  of,  697 

Vaccination,  237 
Vaccines,  237 
Vacuole,  26 
Vagina,  715 

V;,KUs  iktvt,  603,  604,  609,  610 

aficrciu  fibers  m,  204,  205,  216  217 
center  of,  w  Nucleus,  of  vagus  nerve 
to  coronary  arteries,  223,  224 
to  heart,  201,  203 
center  ot„  see  Center,  cardio-inhibi- 
tory 

to  ilc<>ct)lic  sphincter,  372 
tt)  kidney,  29B 
to  large  intestine,  373 
to  pancreas,  357 

parasym}>athetic  fibers  in,  609,  fim 

pulmonary  branches,  226,  281,  282 

to  small  intestine,  371 

to  stomach,  348 

in  swallowing,  334 

taste  fibers  in,  702 

lone  of,  203 

vastKlilator  fibers  in,  fioj 
Vagussiofi,  207 
Valine,  393 
Valvc(s), 

of  heart,  125,  189 
aortic,  X84,  190 

auriculovcntricular,  123,  124,  124, 

xB4,,i%.  m  ■ 

disease  of,  see  Valvular  disease 
incompetent,  190 
leakage  of,  see  incomi)ctent 
mitral,  124,  i88 

movements  (opening  and  closing) 
of,  187,  188,  189 
pulmonary,  125,  190' 
stenosis  of,  190 
tricuspid,  124,  188 
ileocolic,  372 

,,‘3  '33.  163 

Valvular  disease,  190 
com|>emation  in,  19 1 
murmurs  due  to,  190 
regurgitation  in,  190 
stenosis  in,  190 
Vas  deferens,  720,  721,  722 
Vasoconstriction, 
caused  by  adrenaline,  461 
in  fever,  419 

following  hemorrhage,  78 
nerves  causing,  213,  214,  610 
and  peripheral  resistance,  154,  155 
in  splanchnic  region,  155,  215 
Vasodilatation, 
axon  reflexes  and,  573 
caused  by  adrenaline,  461 
by  carbon  dioxide,  221 
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by  histamine,  96,  221 
by  pituitrin,  221 
in  inflammation,  96 
nerves  causing,  214,  215 
Vasa  vasofum,  13^  -y 

Vein(s),  128,  133  y 

of  brain,  228 

cardiac,  223  t 

central,  of  liver,  227,  3bi 
hepatic,  361 

interlobular,  of  liver,  3^1 
jugular, 

pulse  in,  196  ^ 

of  kidney,  i95,  298>  ^99 

pressure  of  blood  in,  160,  161, 

Venous  blood  pressure 
pulmonary,  225 
renal,  1 29 
of  Thebesius,  223 
umbilical,  739> 

Vena  cava(e), 

cross  area  of,  I43>  *44 
in  fetus,  739»  740 
inferior,  125,  126,  129 
superior,  125,  126,  129 
Vcntriclc(s), 

cerebral,  3d,  585 
cerebral,  4th,  599 
of  heart,  122,  123,  124,  129 
in  cross  section,  124 
volume  of  during  cardiac  cycle,  187 
Venous  blood  pressure,  160,  loi 
measurement  of,  160,  loi 
Venous  return  in  muscular  exercise,  555 
and  cardiac  action,  205,  209,  210,  555 
Vermiform  appendix,  316,  353>  739 
Vermis  of  cerebellum,  605 
Vertigo  caused  by  rotation,  697 
Vestibular  pathway,  693»  ^94 
Villus  (villi),  p, 

chorionic,  732>  735,  739,  Uate 
16B 

of  intestinal  mucosa,  378 
Viosterol,  43^ 

Virilism,  4^9,  47° 

Viruses,  ree  Filtrablc  viruses 

Vis  a  frontc,  162 

Vis  a  tergo,  162  . 

Visceral  arches,  see  Branchial  arches 

Vision,  6240.  /  ^  o  ^ 

accommodation  or,  640,  049 
achromatic  interval  of,  632 
acuity  of,  see  Visual  acuity 
binocular  and  monocular,  63» 
color,  see  Color  vision 
by  cones,  see  photopic 

contrast  effects  in,  058 

dichromatic,  657 

duplicity  theory  of,  630,  033 

photochemical  nature  of,  633,  934,  935 


photopic,  630 
by  rods,  ree  scotopic 
scotopic,  630 
stereoscopic,  652-655 
twilight,  see  scotopic 
Vis  medicatrix  naturae,  239 
Visual  acuity,  635,  636 
testing  of,  636 
Visual  fields,  638,  639,  640 
chart  of,  636 

projection  of  image  to,  640 
Visual  pathway,  638,  640,  641 
Visual  purple,  633,  634 
Vitamin(s),  42iff. 

A,  421,  422,  423  .  r  \ 

sources  and  functions  or  (laDle;, 

434 

and  visual  purple,  423,  633 
anemia  and  deficiency  o£,  75 
antihemorrhagic,  see  vitamin  K 
antineuritic,  see  Thiarriine 
antirachitic,  see  vitamin  D 
antiscorbutic,  see  vitarnin  C 
antisterility,  see  vitamin  E  ^ 
antixerophthalmic,  see  vkamin  A 
B  complex,  421,  422,  425,,  see  also 
Biotin,  Choline,  Niacm,  Panto¬ 
thenic  acid  and  Para-ammo 
benzoic  acid 

Bi  factor  of,  see  Thiamine 
B2  factor  of,  ree  Riboflavin 
Bft  factor  of,  ree  Pyridoxin 
Bu  factor  of,  76,  77,  422,  428 
and  gastro-intestinal  tract,  381,  425 

C,  421,  422,  429  . 

in  adrenal  cortex,  499  ^  ^ 

deficiency  of,  429, 
reabsorption  of  by  renal  ^^^-ules.  307 
sources  and  functions  of  (Table), 
434 

classification  of,  422 

D,  421,  422,  430“;433 

from  cholesterol,  408 

deficiency  of,  43*, :432  ^  x 

sources  and  functions  of  (Table), 
434 

synthesis  of,  43* 
toxic  action  of,  43* 
ultraviolet  light  and,  430,  43*  . 
deficiencies  of,  «e  specific  v«»mms 

E,  421,  422,  433*  434  - 

sources  and  functions  of  (Table). 

434 

enzyme  systems  and,  429 
fat-soluble,  42,* 

G,  see  Riboflavm 
history  of,  42* 

MSiJhV’e’i  ■>•'«•« 

109,  435,  439 

and  prothrombin,  109,  no,  435 
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sources  and  functions  of  (Tabic), 
434 

synthesis  of,  232,  435 
in  milk,  719 

Vital  capacity,  263,  264,  265 
Vital  red  in  determination  of  blood  vol¬ 
ume,  63 

Vitreous  body,  625,  645 
opacities  of,  672 
Vocal  cords,  291,  29a 
Voice,  29 1  “293 
Vomiting,  351,  352 

Waller,  A.  D.,  505 

Wallerian  degeneration  of  nerve,  505 

Water, 

absorption  of,  from  alimentary  tract, 
377 

of  body,  52-55 
daily  intake  of,  53,  54 
distribution  of,  in  body,  5 iff. 
diuretic  action  of,  309 
evacuation  of,  from  stomach,  349 
evaporation  of,  from  lungs  and  skin, 
414 

excretion  of,  30:4,  303 
in  nephritis,'  311,  312 
formula  of,  8,  9 
intracellular,  52,  53 
ionization  of,^  14,  114,  115 
of  metabolism,  53,  54 
metabolism  of,  in  Addison’s  disease, 
466 

output  of,  53,  54 

permeability  of  capillaries  to,  64,  65 
production  of  by  tissues,  see  of  me¬ 
tabolism 
in  tissues,  53 
Water  balance,  54 
Water  diuresis,  309 

Water  vapor  in  atmosphere  and  respired 
airs,  269 

Wave(s), 

of  arterial  pulse,  3:69 
of  electrocardiogram,  194,  195,  196 
of  electroencephalogram,  590,  591 


of  clectrorctinogram,  637  '] 

excitation  of  heart,  179^  ■  . 

f,  in  auricular  fibrillation,  aoo  I 

of  intra-aurkular  pressure  curve  i8a  ' 

186  ’ 

of  intraventricular  pressure  curve,  184  !■ 

of  light,  see  Light,  wave  lengths  of  ^ 
sxmnd,  transmission  of,  681,  682,  68^ 

of  venous  pulse,  196  '  ^  : 

“  Wear  and  tear  "  of  Wly  protein,  107 
Wcver  and  Bray  effect,  685 
Wheat,  profnns  of,  399 
Wheat  germ,  vitamin’. E  in,  433 
Whey,  34 *  ‘  ; 

Whey  protein,  340 

White  corpuscles,  see  Leucocytes  p! 

White  matter,  j . 

of  brain,  583,  584  I. 

of  spinal  cord,*  577 

Window  glass,  opaque  to  ultraviolet 
lights  430 

Witch’s  milk/’  49S 
Work,  ^ 

caloric  requirement  of,  438 
of  heart,  i  ^8,  139,  140 
and  r>besity,  411 

of  skeletal  muscle,  544,  545,  546 

X-chromosomes,  731 
X-ray(s),  6 
of  gall-bladder,  364 
of  stomach,  3^7 
Xanihophorcs,  480 
Xerophthalmia,  423 

Yawning,  284 
Yeast,  irradiation  of,  433  . 

Yellow  btKly,  see  Corpus,  lutcum 
Yellow  spot,  see  Macula  lutea 
Yolk  sac,  733,  736 

Young’s  theory  of  color  vision,  656,  ^37 
Zdn,  399 

Zinc  in  insulin,  406,  441 
Zinc  sulfate  as  an  emetic,  351 
Zygote,  728 
Zymogen  granules,  39 


